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CX>LD SPRING HARBOR SYMPOSIA 
ON QUANTITATIVE BIOLOGY 


Cold Spring Harbor Symposia on Quantitative Biology are an experiment 
in scientific procedure, a natural outgrowth of the Biological Laboratory's policy 
of fostering a closer relationship between biology and the basic sciences. 

Each summer* the Lalx)ratory invites a group of mathematicians, physi- 
cists, chemists and biologists, actively interested in a specific aspect of quantita- 
tive biology, or in methods applicable to it, to take part in conference-symposia 
which have certain unique characteristics. Among these are the long duration, 
five weeks ; the fact that no time limit is placed on discussions following the pre- 
sentation of formal papers; the purposefully small size of the attending group 
at any one meeting in order that discussion may be stimulated ; and the fact that 
participants in a discussion aid in its revision, and thus, in a sense, the resulting 
volumes give a true picture of the stage of development of the material consid- 
ered at the time the volumes are prepared. The accuracy of the picture is further 
insured by including the unpopular side of controversial questions. 

Some of the participants are in residence at the Laboratory during the 
five weeks' period, or even throughout the summer. Others are concerned pri- 
marily with a more limited aspect of a given group of symposia and remain in 
residence for a week or two. Certain participants who cannot be present are 
invited to transmit discussion by mail. Investigators working upon problems 
under discussion may attend meetings, programs of which are sent on request. 

This year eleven full days and fourteen half days were given to the pre- 
sentation of papers and subsequent discussion. In addition, many hours were 
spent in careful consideration and revision of the discussions as originally pre- 
sented. The remainder of the five weeks was available for informal consultation 
and conference. 

The immediate value of conference-symposia, as conducted at Cold Spring 
Harbor, is obviously greatest to those taking part in them. At the same time, 
since large attendance would interfere with certain unique advantages of these 
symposia, the papers and discussions are being made available with the least 
possible delay, and at less than cost of publication alone, to scientists at large 
through the present volume. 

• The confer^ce-oympoeia of 1933 were concerned largely with surface phenonoi- 
ena; those of 1934 with some aspects of growth; those of 1935 with reactions and 
prooeeaes initiated by light. It is likely that nerve, muscle, and other phenennena 
of initahOity will form the basis of the discussion in 1936. 


VII 




Those Taking Part in Symposia 
and in Discussions 

Abramson, Harold A., Assistant Professor of Physiology, College of Physicians and 
Surgeons, Columbia University 

Albers, Vernon M., Associate Professor of Physics and Research Physicist, C. F. Ket- 
tering Foundation, Antioch College 

*Appletmn, C. O., D^n of Graduate School and Professor of Botany and Plant Physi- 
ology. University of Maryland 

Arnold, IVilliam, Sheldon Travelling Fellow in Biology, Harvard University 
*Backstrom, Hans, Nobelinstitut of the Academy of Sciences, Stockholm 

Bates, John R., Associate Professor of General and Physical Chemistry, University of 
Michigan ^ 

*Bergmann, Werner, Research Associate, Department of Chemistry, Yale University 
Bills, Charles E., Research Director, Mead Johnson and Company 

Blum, Harold F., Assistant Professor of Physiology, University of California Medical 
School 

*Bonhoeffcr, Karl, Professor of Physical Chemistry, The University, Leipzig 
*Boysen Jensen, P., Professor of Plant Physiology, The University, Copenhagen 
Braekett, F. S., Research Associates Incorporated, Washington 
*Briggs, G. E., Lecturer in Biology, St. John’s College, Cambridge 
Burk, Dean, Associate Physical Chemist, Bureau of Chemistry and Soils, United States 
Dei^artment of Agriculture 

Castle, E. S., Assistant Professor of I^hysiology, Harvard University 
Chase, Aurin M ., Instnictor in Biophysics, Columbia University 
*Clark, Leonard B., Assistant Professor of Biology, Union College 
Climenko, David, Lecturer in Pliarmacology, Cornell University Medical College 
Cole, Kenneth S., Assistant Professor of Physiology, Columbia University 
*Cole, William H., Professor of Physiology and Biochemistry, Rutgers University 
Curry, James, Research Assistant, Department of Botany, Columbia University 
Davenport, Charles B., Research Associate, Carnegie Institution of Washington 
Demerec, M., Investigator, Department of Genetics, Carnegie Institution of Washington 
*Dhar, N. R., Professor of Chemistry, University of Allahabad 
*Ellinger, F., Privatdozent fiir Strahlenkunde, The University, Berlin 
Emerson, Robert, Associate Professor of Biology, California Institute of Technology 
Eyring, Henry, Research Associate in Physical Chemistry, Princeton University 
Forbes, George Shannon, Professor of Chemistry, Harvard University 
French, C. S., Lalxiratory of General Physiology, Harvard University 

Fricke, Hugo, In Charge of Dr. Walter B. James Laboratory for Biophysics, The Bio- 
logical Laboratory, Cold Spring Harbor 
Giese, A. C., Instructor in Biology, Stanford University 
Haig, Charles, Laboratory of Biophysics, Columbia University 

Hardy, James D., Res^rch Associate, Russell Sage Institute of Pathology, Cornell 
University Medical College 

Harris, Reginald G., Director, The Biological Laboratory, Cold Spring Harbor 
Hart, Edwin J., Chemist, Dr. Walter B. James Laboratory for Biophysics, The Biologi- 
cal Laboratory, Cold Spring Harbor 

* PiBCUMl on communicated by mail. 


IX 



Hortline, H. Keffer, Fellow in Medical Physics, Eldridge Reeves Johnson Foundatiott 
for Medical Physics, University of Pennsylvania Medical School 

*Horvey, B, Newton, Professor of Physiology, Princeton University 

*Hcusmann, Walther, Laboratorium fiir Lichtbiologie, Physiologiscben Institut, The Uni- 
versity, Vienna 

Hecht, Selig, Professor of Biophysics, Columbia University 

Inman, O. L., Professor of Biology and Director of C. F. Kettering Foundation, 
Antioch College 

*James, W. O., Professor of Botany, The University, Oxford 
Janes, Robert B., Instructor in Physics, University of Wisconsin 
Kassel, Louis S., Physical Chemist, United States Bureau of Mines, Pittsburgh 
Kistiakowsky, George B., Associate Professor of Chemistry, Harvard University 
Knorr, H. V., Associate Professor of Physics and Research Physicist, C. F. Kettering 
Foundation, Antioch College 

Kohn, Henry, General Education Board Fellow, Stockholm Hogskola 
Korr, Irvin R., Proctor Fellow in Biology, Princeton University 

*Laurens, Henry, Professor of Physiology, The Tulane University of Louisiana Medical 
School 

*Leermakers, John A., Research Chemist, Eastman Kodak Research Laboratories 

^Leighton, Philip A., Associate Professor of Chemistry, Stanford University 
Lineweaver, Hans, Junior Chemist, Bureau of Chemistry and Soils, United States 
Department of Agriculture 

*Mackinney, Gordon, National Research Council Fellow, Division of Plant Biology,, 
Carnegie Institution of Washington 
Marshak, Alfred, Biological Laboratories, Harvard University 

Mayerson, H. S., Associate Professor of Physiology, The Tulane University of Louis- 
iana Medical School 

*McAlister, E. D., Associate Physicist, Division of Radiation and Organisms, Smith- 
sonian Institution 

Mestre, Harold, Department of Public Health, Yale University School of Medicine 
Meyer, Karl, Assistant Professor of Biochemistry, College of Physicians and Surgeons, 
Columbia University 

Moyer, Ixmrence, Sterling Fellow, Yale University School of Medicine 

*Norrish, R. G. W., Humphrey Owen Jones Lecturer in Physical Chemistry, The Uni- 
versity, Cambridge 

Noyes, W. Albert, Jr., Associate Professor of Chemistry, Brown University 

Pettit, Horace, Instructor in Bacteriology, University of Pennsylvania School of Medicine 

Ponder, Eric, Investigator in General Physiology, 1'he Biological Laboratory, Cold Spring 
Harbor 

Rollefson, G. K., Associate Professor of Chemistry, University of California, Berkeley 
Rothemund, Paul, Assistant Professor of Biochemistry and Research Chemist, C. F. 
Kettering Foundation, Antioch College 

*Schlaer, Simon, Laboratory of Biophysics, Columbia University 

*Sheard, Charles, Professor of Biophysics, Mayo Foundation 

Singer, Edward, Instructor in Anatomy, College of Physicians and Surgeons, Columbia 
Uiuversity 

Smetana, Hans, Assistant Professor of Pathology, College of Physicians and Surgeons, 
Columbia University 

*SnUth, Emil L., Laboratory of Biophysics, Columbia University 


X 



Smith, T. L., Professor of Biology, College of the Ozarks 

^Spoehr, H. A,, Chairman, Division of Plant Biology, Carnegie Institution of Washington, 
Stanford University 

Starkey, R, L,, Associate Professor of Soil Microbiology, Rutgers University, and 
Associate Soil Microbiologist, Agricultural Experiment Station, New Brunswick, 
N,J. 

Strain, William H., University Research Fellow in Chemistry and Experimental Pathol- 
ogy, University of Rochester School of Medicine and Dentistry 
*Taylor, Hugh S,, David B. Jones Professor and Head of Department of Chemistry, 
Princeton University 

*van der Paauw, F., Rijkslandbouroproefstation, Groningen 

wn Niel, C. B., Associate Professor of Microbiology, Hopkins Marine Station, Stanford 
University 

Wald, George, Instructor and Tutor in Biology, Harvard University 
Walzl, Edward, Brooks Fellow in Zoology, Johns Hopkins University 
Weintmub, Robert L,, Graduate Council, George Washington University 
Winsor, C. P., Laboratory of General Physiology, Harvard University 
Winter, Charles, Instructor in Physiology, University of Buffalo School of Medicine 
*Wohlgemuth, Professor Direcktor Chemische Abteilung, Rudolf-Virchow Kranken- 
haus, Berlin 

Wolf, Ernst, Lecturer in General Physiology, Harvard University 
Zscheile, F. Paul, Jr,, Research Associate in Chemistry, University of Chicago 


XI 




CONTENTS 


iNTEODUCTiON I ' XV 

Reginald G. Harris 

Absoeption Spectra and Photochemistry, with Special Reference 

TO Water Solutions 1 

George Slumnon Forbes 

The Quantum Theory of Activation and Absolute Reaction Rates 

OP Photochemical Processes 10 

Henry Eyring 

The Theory of Photoactivation and the Properties of Photoacti- 

VATED Molecules 19 

G. K. Rollcfson 

The Nature of the Activated State in Chemical Kinetics ... 28 

Louis S, Kassel 

The Kinetics of Photochemical Reactions from the Standpoint 

of Chains 32 

IV. Albert Noyes, Jr. 

Photochemical Formation and Reactions of Radicals and Atoms . 44 

G. B. Kistiakowsky 

The Chemical Properties of X-ray Activated Molecules with 

Special Reference to the Water Molecule 55 

Iluyo Fricke 

Theory of Catalysis in Surface Reactions of Photochemistry . 66 

Hugh S. Taylor 

Protociilorophyll 71 

Paul Rothemund 

Behavior of Chlorophyll in Inheritance 80 

M, Demerec 

Fluorescence and Photodecomposition of the Chlorophylls and 

Some of Their Derivatives in the Presence of Air 87 

F. M. Albers and H. V. Knorr 

Fluorescence and Photodecomposition of the Chlorophylls and 
Some of Their Derivatives Under Atmospheres of O2, CO2, and 
N g 98 

H. V. Knorr and V. M. Albers 

Toward a More Quantitative Photochemical Study of the Plant 

Cell's Photosynthetic System 108 

F, Paul Zscheile, Jr. 

Light Intensity and Carbon Dioxide Concentration as Factors in 

Photosynthesis of Wheat 117 

F. S. Brackett 

Kinetics of Photosynthesis in Chlorella 124 

William Arnold 


XIII 



The Effect of Intense Light on the AssiMitATt«T Mechanism of 

Geeen Plants, and Its Bearing on the Carbon Dioxide Factor 128 

Robert Emerson 

Photosynthesis of Bacteria ... 138 

C. B. van Niel 

Chemistry of Photosynthesis . 151 

N. R. Dhar 

The Kinetic Mechanism of Photosynthesis 165 

Dean Burk and Hans Lmeweaver 

The Evolution of Oxygen in the Process of Photosynthesis . . 184 

O. L. Inman 

The Absorption of Radiation by Leaves and Algae 191 

Harold Mestre 

An Analysis of Oriented Movements of Animals in Light Fields 210 

Harold F. Blum 

Photic Excitation and Phototropism in Single Plant Cells , . . 224 

E. S. Castle 

Intensity Discrimination 230 

Selig Hecht 

Nature of Intermittent Stimulation by Light 237 

Selig Hecht, Simon Schlaer, Emil Smith 

The Discharge of Nerve Impulses from the Visual Sense Cell . 245 

H. Keffer Hartline 

The Chemistry of the Visual Purple System 251 

George Wald 

An Analysis of the Visual Capacity of the Bee’s Eye 255 

Ernst Wolf 

The Mechanism and Kinetics of Bioluminescent Reactions . . . 261 

E. Newton Harvey 

Basis of Radiation Measurements 266 

F, S. Brackett 

Photochemistry in Medicine, A General Outline 277 

Henry Laurens 

Effects of Radiation on Circulation, Blood and Metabolism, with 
Particular Reference to Growth, Basal Metabolism and the 

Thyroid Gland 299 

H, S. Mayerson 

Photosensitization of Living Systems 318 

Harold F. Blum 

The Multiple Nature of Vitamin D 328 

Charles E. Bills 

Photosensitized Oxidation of Ethylenic Double Bonds .... 341 

Karl Meyer 


XIV 



Introduction to Volume III 


If a title were to be chosen for Volume III of Cold Spring Harbor Sym- 
posia on Quantitative Biology it might be: The Interaction of Ourselves and 
Things Around Us with Light. 

Viewed in this way the contents have a unity which they certainly have 
in nature but which they are, perhaps, not permitted to enjoy in the usual uni- 
versity curriculum or scientific meeting. Dividing any part of natural science 
into component parts is like dividing a region of land into fields. In such divisions 
of land, it usually happens that fences or stone walls are built. Weeds, shrubs 
and trees gain a footing in natural succession along the walls and fences: then 
it becomes difficult to look from one field to the next, and absolutely impossible 
to see into a field two or three fences away. 

Fortunately there is a tendency developing in the natural sciences to cut 
down the hedgerows at least, and, as fast as possible, to remove the fences. The 
interaction of light with ourselves and things around us is particularly interest- 
ing in this connection because the process of removing the boundary trees has 
progressed farther here than in many other “fields'". 

In photosynthesis, for example, one finds a body of knowledge and an 
experimental technique which could not have l^een developed as far as they have 
without appreciable use of lx)th physics and chemistry. Such use has brought 
a knowledge of the structure of chlorophyll molecules, both a and and of a 
numl)er of their derivatives; it has given us the current method of testing the 
purity of extracted chlorophyll, by observation of the absorption spectrum of the 
extract; it provides the indication that certain parts of a chlorophyll molecule, 
namely the magnesium and the phytyl groups, are not intimately involved in its 
photodecompositioti ; upon it is based such information as is at hand concerning 
the roles of light intensity, of respiration, of temperature and of the enzymic, or 
Blackman, factor. Recent work on the photosynthesis of bacteria offers findings 
which make feasible a comparative biochemistry of photosynthesis and a basic 
mechanism for the oxidation-reduction process involved. Indeed, some of the 
data which are available are of a nature which make mathematical studies of the 
kinetics of photosynthesis attractive. 

Similarly in other aspects of photobiology there is ample evidence in this 
volume that up to date chemical and physical methods are being used compara- 
tively extensively and successfully. 

Nevertheless, those wlio look at this time for an unobstructed view into 
all the fields concerned, will l>e disappointed. One difficulty will be found to be 
the fact that present knowledge and theories of photochemistry developed by 
physicists and chemists are concerned primarily with gases, while we, and many 
of the things around us, are primarily aqueous systems. Furthermore, by no 
means all photobiologists and medical men have yet made adequate use of exist- 
ing chemical and physical knowledge, a fact which is pointed out many times in 
this volume, and which is apparent in many ways, perhaps particularly in the 
thus far limited use of monochromatic radiation. 

Investigators in the natural sciences will be interested in Volume III 
because it, like the foregoing volumes, contains the present information and the- 
ories of many contributors concerning a sector of modern research. 
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ABSORPTION SPECTRA AND PHOTOCHEMISTRY^ WITH SPECIAL REFERENCE 

TO WATER SOLUTIONS 

George Shannon Forbes 


Whenever the findings of photochemistry re* 
gardit3g molecular transformations confirm those 
of spectroscopy, the outcome is reassuring, while 
any inconsistencies which remain indicate the 
proper direction for new experiments. The higher 
oxides of nitrogen, which have been very care- 
fully investigate, serve to illustrate at once the 
general need for such co-ordination, and the de-. 
gree of certainty likely to be attained in the inter- 
pretation of a fairly simple reaction. 

An equilibrium mixture of nitrogen dioxide 
and tetroxide exposed to violet and ultraviolet 
light produces nitric oxide and oxygen. Holmes 
and Daniels^ calculated 4>, the quantum yield, i. e., 

molecules of NO formed, 
quanta absorbed 

from the rate of increase of the pressure with the 
energy flux at 436, 405, 366 and 313 m/*. Since 
pressures were low, the recombination 2NO + 
O 2 2 NO 2 was relatively slow, so that the 
photochemical reaction rate could be calculated 
with fair accuracy from the pressure change. It 
proved better to introduce excess of solid nitro- 
gen pentoxide N^Og into the reaction cell ; at 0* 
C its \apor pressure remained constant at 51.5 
mm. If A ^ 300 mju,, this vapor (N 2 O 5 ) is 
transparent and unreactive. The reaction with 
nitric oxide, N 2 O 5 + NO — ► 3 NO 2 , is so much 
more rapid than the recombination 2NO-|- O 2 
2 NO 2 that the latter no longer has to be con- 
sidered, and ^ can ht measured in terms of de- 
composition of pentoxide. Such use of an ac- 
ceptor for reaction products which recombine 
rapidly may prevent very serious errors in esti- 
mation of quantum yields. For instance, irradi- 
ated compact silver bromide in air yields less than 
0.01 atom of evolved bromine per quantum, but 
with finely divided material in a nitrite solution, 
^ is practically unity. 

Several corrections were required in the nitro- 
gen dioxide photolysis, nota!)ly that for absorp- 
tion of part of the incident light by trtroxide. 
I have plotted the absorption coefficients of 
Holmes and Daniels against wavelength (Fig. 
1). In view of the tended structure of the gas 
at the comparatively low pressures (4-30 mm.) 
which prevailed, such results might have to be 
used with caution if higher pressures,* or a dif- 
ferent light source were to be employed. The 
total light absorbed is now apportioned between 
the two with the help of the equilibrium constant, 
K 2 = P*N 02 /Pn 204 . and measurements of total 
pressure. 


AISORPTIONt AHOaUANTtfH YiCLSS 



To determine the amounts of nitric oxide pro- 
duced from dioxide and tetroxide, respectively, 
gross quantum yields for various mixtures were 
plotted^ against fraction of light absorbed by 
NO 2 at 366 mfi and again at 313 m/t. By ex- 
trapolation it appears that approaches 2 for 
complete absorption by dioxide. Therefore 
N 2 O 4 , at these wavelengths at least, and pre- 
sumably over the range 400-300 m/i acts merely 
as an inner filter, so that 

_ molecules of NO formed. 

^ quanta absorbed by NO 2 

When two or more absorbing substances are 
present, it is evident that not even a qualitative 
statement regarding the photochemical reaction is 
safe without analysis of quantum yields by some 
procedure equivalent to that of Holmes and 
Daniels. 

Further, it appears that no photochemical re- 
action should be postulated just because the 
absorbed quanta exceed the activation energy for 
the corresponding chemical reaction. Thus, as 
Norrish pointed out®, the quanta at 436 ni/i 
(65,000 cal./mol) are nearly twice the activation 
energy (33,000 cal./mol) of the reaction NO 2 = 
NO •+“ O and more than twice the heat of re- 
action (26,000 cal./mol). Nitrogen tetroxide is 
found to be unreactive throughout the whok of 
the spectral region involving its first excited 
electronic state, even at 300 m/n (94,000 cal./mol) 
where the energy exceeds by 30,000 cal./mol that 
at the threshold wavelength (420 nift roughly) 
for the decomposition of the dioxide. Dawsey* 
examined the spectrum of N 2 O 4 2 NO 2 and 
found a continuum increasing from 382 m/4 which 
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he interpreted in terms of the dissociation re- 
action Na 04 + hv — ^ 2NO + Oa (excited mole- 
cule), which seemed the more reasonable as even 
75,000 cal./mol at 382 met the energy re- 
quirement as figured by him from reaction heats. 
The results of Holmes and Daniels, however, 
show conclusively that the tetroxide decomposes 
only beyond 300 m/A, where a still higher elec- 
tronic excitation is possible. Holmes and Daniels 
suggest that the energy^ up to 300 m/i is expended 
in electronic excitation, but still the' energy in- 
creases by 20,000 cal. in going from 380 to 300 
m/i, tlmt is, by an amount one and a half times the 
thermal heat of dissociation of tetroxide. They 
also suggest that dissociated tetroxide recombines 
before photochemical reaction of dioxide can 
occur. It is unfortunate that increasing dissocia- 
tion would hinder any test for inception of 
photochemical activity (A > 300 iii/a) at high 
temperatures where in general many quanta are 
absorbed by molecules already possessing con- 
siderable vibrational energy. Quantum yields in 
the region A > 300 m/m would possess indepen- 
dent interest, but would throw little light upon 
the problem above outlined. 

Insecure as well are c'onclusions regarding pri- 
mary photochemical acts which are not backed 
up by spectroscopic evidence. Norrish (1929)* 
proposed the following scheme for decomposition 
of the dioxide: 

NO 2 + hv = NO 2 * (excited molecule) 

N(V + NO 2 = 2NO + Oo 
2NO -f- 2 N 2 O 6 = 6NC)2 

to which Holmes and Daniels agreed. Now the 
absorption spectrum of the dioxide at low pres- 
sures has been frequently examined. Under high 
dispersion a series of bands, with fine structure, 
is observed from 6500 A. These begin to ]>e 
diffuse at 4000 A and become more so up to 
3000 A after which no great change is noted to 
2549 A, when the bands suddenly become shaq> 
again, apparently due to attainment of a new 
electronic state. According to Henri''', Mecke^b 
Franck, Sponer and Teller^ this washed-out ap- 
pearance of the bands from 4000 A to 2549 A 
indicates predissociation. As this phenomenon 
will receive adequate treatment in tlie papers to 
follow, it will suffice for the moment to charac- 
terize it as a switch from a stable energy level in 
a molecule to an unstable level of equal energy, 
so that the molecule flies apart as a consequence. 
According to Mecke the process in the first 
banded region is NO 2 NO -f O (normal 
atom), the energy requirement for which is 
72,200 cal. per moi^^, corresponding to 6 X 10^* 
X the energy of a quantum at 3^ A. From 
this standpoint 3800 A appears as the maximum 


waveler^h at which this reaction would be pos- 
sible without some souixe of additional energy. 
At least when A g 380 m/A, the following mechan- 
ism is preferable if the transition probabilities of 
the predissociation reaction are at all favorable. 

NO 2 4- hi/ NO + O (normal atom) 

NO 2 "f* O — ♦ NO -j- O 2 

These reactions run with a total energy decrease 
of some 50,000 cal., and lead again to a quantum 
yield of two. 

The actual quantum yields for NO 2 were 
plotted against wavelength by Holmes and 
Daniels. It appears that = 0.5 at 405 m^A 
where only 70,()00 cal. are available, and that ^ 
might be as great as 0.1 even at 420 m/x (68,000 
cal.). There is always the possibility that quanta 
of themselves just too small may be ‘‘pieced out'' 
through recently acquired collisional energy but 
excited molecules having energy 4 cal. above 
average would be altogether too few to account 
for this quantum yield. Possibly the correct 
value of the energy requirement is less than 
72,200. However, Franck, Six>ner and Teller'*^ 
argue that a triangular molecule like NO^ should 
require energy in addition to the requirements 
valid for a diatomic molecule (1) to distort the 
molecule into a form favorable to dissociation 
and (2) to impart vibrational and rotational 
energy to the diatomic molecule produced. One 
might be tempted to concede that Norrish’s ex- 
cited molecule mechanism predominates when A 
> 380 rufA, were it not for evidence of predisso- 
ciation down to 400 m/A. It might go even further, 
for FYanck, Sponer and Teller hold that even 
after the energy of oscillation has sufficed to 
biing the nuclei of a triatomic molecule into a 
position where dissociation is possible, the time 
intervening may l)e relatively long, so that in 
terms of the uncertainty principle the lines would 
remain quite sharp.® 

Bonhoeffer and Harteck recall the detection by 
Norrish of fluorescence in NO 2 at low pressures, 
— strong at 436 m/A, weak at 405 m/x, and practical- 
ly absent at 366 ni/A. They argue that if at 400 
m/x the number of molecules that actually disso- 
ciates equals the number of molecules reverting 
to the nonnal state with emission of the absorbed 
quantum, no broadening of the lines in that 
region would 1)e observable. This tendency oper- 
ates in the same direction as the uncertainty 
principle. Such a picture appears consistent with 
the quantum yield of Holmes and Daniels, O.S at 
405 m/A. 

It may be tliat the pendulum of photochemical 
opinion has swung too far toward atomic mechan- 
isms and too far away from activated molecule 
mechanisms. The victories of the former over 
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the latter, in earlier days, through tht brilliant 
work of Franck and his school may in part ac- 
count for this. Also the possibilities for secondary 
acts are much more clean cut if one starts out 
with an atom/^ and the danger of nd hoc inter- 
pretations correspondingly less; all these consid- 
erations tend to make the atomic mechanism 
more attractive. 

Holmes and Daniels also photolyzed nitrogen 
dioxide (with pentoxide as acceptor for nitric 
oxide) in carbon tetrachloride. Quantum yields 
ran from 0.02 to 0.07 with a tendency to increase 
with decreasing wavelength, as would l)e ex- 
pected if the energy in excess of that required 
for electronic excitation went into vibrational 
energy. The whole subject of photochemistry in 
liquid systems is at present developed in much 
less detail than in gases, so much that some gas 
photfKhemists have questioned the scientific value 
of such studies. However, practically all the 
systems of photochemical interest to biologists 
are in the liquid phase, so that no apology is 
necessary for introducing the subject here, with 
an attempt to indicate tlie direction in which the 
outlook is most promising. 

The transition from gas to licjuid can be profit- 
ably followed in terms of the changes in absorp- 
tion spectra. The simplest case is an isolated 
atom, mercury for instance. Measurements by 
Wood “show that light close to wavelength 2537 
A is weakened by 50% in passing through one 
centimeter of mercury vapor, p = 0.0005 mm. 
If 6 X 10^*^ atoms are present in a light path of 
unit cross section, one quantum in 10^ is likely 
to emerge. This illustrates the tremendous selec- 
tivity of quantized alxsorption. High selectivity 
in absorption lK)lds also for each of the fine lines 
in the spectrum of molecules of gases at low^ 
pressures, though of course each line represents 
a different transition prol^abilit}^ between states. 

As pressures are increased, the resonance line 
of mercury atom broadens out ; also the structure 
of molecular spectra becomes blurred. Under 
such circumstances all energy levels of the given 
molecule are displaced continuously by interaction 
with the valence electrons of each approaching or 
receding molecule. Such interactions are small 
with carbon tetrachloride, for instance, but im- 
portant with molecules which like water have 
large dipole moments. If polymers or other de- 
finite compounds result, a whole new set of 
quantized levels are set up which in turn interact 
with neighboring molecules. In consequence the 
ap}>earance of the spectrum may be radically 
altered, and the interpretation of the primary act 
becomes more difficult, even in the gaseous phase. 
Reversing this train of thought, it is dear that if 
any apparent continuum breaks up at low pressure 


and high resolution to form sharp fine lines ex- 
clusively, neither dissociation nor predissociation 
is a priori to be attributed to photons correspond- 
ing to that spectral region. 

In the liquid phase the blurring of the spectrum 
reaches its maximum, but electronic transitions 
are still in general distinguishable. In carbon 
tetrachloride solution of halogens, for instance, 
plots of absorption coefficients against wave- 
length often resemble in general outline that of 
the vaporized solute,^ ^ and then it is customary 
to assume that the primary effect of light absorp- 
tion is the same in lx)th phases. All too often 
such a correspondence cannot be established, so 
that the nature of the primary act remains in 
doubt. Franck and Rabinowitsch^^* hold that in 
liquids the probability ot reactions proceeding 
through primary formation of activated molecules 
must be increased, and rate of formation of free 
atoms must be lower, than in gases. It is to be 
noted that the presence of a solvent is apt to pro- 
mote dissociation l)ecauvse of the decrease in free 
energy when a single solvated molecule passes 
into two or more solvated dissociation products. 
In a few cases, like the uranyl ion^^ or the por- 
phyrins,^* the absorbing valence electrons are 
sheltered, and their transitions are little affected 
by solvent molecules so that sharp bands are ob- 
served in solution, especially at low temperatures. 
With uranyl and quinine ions in solution, deacti- 
vation by collision with solvent molecules is so 
inefficient that absorbed quanta are re-emitted in 
part as fluorescent light. I'he fluorCvScence of 
uranyl and of quinine ions can be partly quenched 
by adding such ions as CK, Br', CNS' and l\ the 
effect increasing in the order given.' ^ The same 
ions likewise decrease the efficiency of the uranyl 
ion as a sensitizer for oxalic acid. 

The photolysis of oxalate in the presence of 
uranyl ion, in water solution, to form carbon mon- 
oxide and formic acid is advantageously inter- 
preted in the light of absorption data. When 
oxalic acid is added to uranyl ion, the absorption 
coefficient increases'® as molecules of uranyl 
oxalate U 02 Cl»C )4 (known through conductivity 
measurements'® to be feebly dissociated) are 
formed. At the same time the quantum yield for 
the photolysis increases. Drs. W. G. Leighton'® 
and F. P. Brackett, Jr.'^ in my laboratory have 
calculated from the absorption coefficient of free 
uranyl ion and of uranyl oxalate the concentra- 
tions of these individuals in various solutions. 
They have apportioned the light between the two, 
and then assuming that free uranyl ion acts es- 
sentially as an inner filter and contributes negli- 
gibly toward the total relation they liave cal- 
culated “net'* as contrassted with “gross’' quan- 
tum yields. Heidt and Daniels further proved'* 
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that crystallized uranyl oxalate dissolved in water 
only slightly acidified with oxalic acid gives the 
same quantum yield as uranyl sulfate plus five or 
more molecules of oxalic acid, — ^the amount 
necessary to bind practically all of the uranyl ion 
in spite of the tendency of liberated hydrogen ion 
to reverse the reaction. 

It is hard to escape the conclusion that the 
quanta absorbed by uranyl ion are more frequent- 
ly effective when transferred across a molecule of 
uranyl oxalate than when transfer must wait upon 
collisions. Since the carbon-carbon linkage which 
is to be ruptured is separated from uranium by 
oxygen tons, the energy must be propagated 
through the latter. The propagation of energy 
through more complicated molecules has l>een 
studied intensively in my laboratory. Before ex- 
amining the photochemical evidence, some consi- 
deration of absoq)tion spectra of such molecules 
is desirable. 

Di- or triatomic molecules can be successfully 
treated as single electronic systems, — indeed al- 
most as if they had coalesced into a single atom — 
and the interactions (though already quite com- 
plicated) can l)e evaluated accordingly. Such 
studies indicate what are the possibilities of re- 
action of each molecule. Large organic molecules 
can be treated, in the first approximation (to use 
the language of Norrish^®) as assemblages of 
covalent groups where each group largely retains 
its individuality, and tends to contribute its own 
absorption spectrum to that of the molecule as a 
whole. Mecke^® has shown, for instance, how 
small are the changes in nuclear separation and 
consequently in binding energies when free radi- 
cals such as OH, NH, CH, C 2 , CN enter into 
formation of stable compounds. The extent to 
which the individuality of a constituent group is 
changed, tliat is, the relative importance of its 
interactions with other atoms and groups in the 
molecule, is also to be inferred from spectral 
data. 

The persistence of the individuality of a char- 
acteristic group has been exemplified in an ex- 
tended research*^*^^'^® by Dr. Heidt and myself 
upon quinine and ten of its derivatives in water 
solution. The quinine molecule consists of a 
quinoline group connected through a secondary 
hydroxyl group to a ring structure saturated ex- 
cept for a vinyl group marked. Plots of absorp- 
tion coefficients against wavelengths for quinine 
and the derivatives^^ resemble that of quinoline, 
from which all are derived. 

All these compounds are oxidized by chromic 
acid in presence of light, the dark reaction being 
unimportant at the low concentrations prevailing. 
It has been conclusively proved that the chromic 
acid acts as an inner light filter exclusively.®^ 


The quantum yield, is given in terms of 
absorbed by quinine or by a quinine derivative. 
Quinine is stable against chromic acid in blue 
light, 436 m/A, where the absorption of quinine 
is negligible, but is decomix)sed at 405 m/*, where 
absorption is considerable. If quinine is replaced 
by cinchonine, the absorption curve of whfch 
resembles that of quinine shifted some 2000 cm'“'^ 
toward the ultraviolet, no photolysis occurs even 
at 405 ni/n, but at 366 m/A the quantum yield ap-- 
proxiniates that for quinine at 405 ni/i under con- 
ditions otherwise comparable. If quinine is re- 
placed by vuzin, the shift is toward the red, and 
the absorption maximum becomes broader. In 
consequence of the absorption at A 436, vuzin 
reacts with chromic acid in light of this wave- 
length. 

Rabe®® has jiroved that the secondary hydroxyl 
of quinine is oxidized in the thermal reaction. 
This would seem a priori probable for the photo- 
chemical reaction as well and experimental re- 
sults point to the same conclusion.®® 

It has been shown also®® that lias no impor- 
tant connection with the magnitude of the absorp- 
tion coefficient at a given wavelength. For in the 
series quinine, optochin eucupin and vuzin, at 
405 ni/4 varies irregularly, and not more than 
30% while K clianges four-fold. More im[X)rt- 
ant it would seem is the fact that this wave- 
length in all four cases falls upon the same part 
(here the steep slope) of an absorption curve. 

Dr. Heidt and I have suggested®® that the 
structure of the curves suggests three electronic 
levels, the vibrational and rotational levels being 
of course perturbed in all cases to form a con- 
tinuum. Absorption due to electronic level (1) 
starts not far from 436 mfx and increases rapidly. 
That due to electronic level (2) begins at the 
minimum near 270 m/x and also increases rapidly. 
That due to electronic level (3) seems to start 
at about 230 ni/x and increases slowly, suggesting 
that the binding is now looser than in the first 
two cases, and that the probability of dissocia- 
tion or rearrangement is greater in this spectral 
region. 

We also excited the fluorescence spectra of 
quinine and of eight of its derivatives®® with 
monochromatic light, A = 366 m/x. We photo- 
graphed these on panchromatic plates and analyz- 
^ the negatives with a recording densitometer 
but without discovering any structure. No well 
defined differences in these fluorescence spectra 
could be observed, which suggests that the quino- 
line group is again the dominating factor in the 
situation. This fluorescence indicates excitation 
rather than dissociation or rearrangement so long 
as A S 366 m/w. at least. 
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Any precise description of the effect of absorp- 
tion of a photon is impossible, but by way of com- 
pensation this question becomes of secondary im- 
portance. Apparently energy absorted by the 
quinoline group is transferred to the hydroxyl at 
position (4). If dissociation did occur at this 
point, collisions with solvent molecules would 
tend to hold the products in situ, as well as any 
hydrochromate or dichromate ions already nearby. 
Then one would reckon the outcome not in terms 
of collision numbers, but in terms of the concen- 
tration of photochemical clusters in which the 
necessary combination of molecules and ions was 
present, and the relative positions of these more 
or less favorable to reaction. Such clusters may 
well approach in behavior that of single big mole- 
cules within which activation and dissociation 
would tend to produce closely similar results, but 
in which the efficiency of energy transfer from 
the absorbing quinoline group to the hydroxyl 
would be the main question. 

We do not know the energy of activation for 
the secondary hydroxyl of quinine and its deri- 
vatives, and so cannot state what fraction of the 
energy of any photon absorbed by the quinoline 
group must be transferred into this hydroxyl. 
Some reasonance is reasonably inferred. The 
efficiency of the reasonance between the quino- 
line group and the secondary hydroxyl, where the 
reaction occurs, seems to be profoundly affected 


would suggest interesting generalizations regard- 
ing such energy transfers within molecules and 
clusters. 

in making comparisons among quantum yields, 
one precaution is usually overlooked, the im- 
portance of making all comparisons of quantum 
yield at equal concentrations of activated mole- 
cules, which may be taken, in the first centimeter 
of reaction mixture, for instance, as proportional 
to Eq, the ntiml^er of quanta absorbed by quinine 
in the same zone. Dr. Heidt and I have regu- 
lated this concentration both by varying total con- 
centration of alkaloid, and by varying the stop on 
the front lens of the monodiromator. By each 
method, it is found that <f>q falls off at the same 
rate when Eq increases. This relation is plaus- 
ibly explained by assuming that the rate of 
formation of such clusters containing alkaloid, 
chromic acid and hydrogen ion as are capable of 
reaction upon absorption of a photon is not rapid 
in comparison with the rate at which photons are 
absorbed. As a consequence the concentration of 
reactive clusters will diminish upon turning on the 
light, until a photocheniically steady state is 
reached together with a slower rate of photolysis. 
This is analogous to the electrochemical polariza- 
tion which occurs when there is a high current 
density at a cathode immersed in a dilute solution, 
say, of copper ion. Another way to illustrate the 
relation is seen in Table I where it is shown that 


TABLE I 


fKoCriiOT] 

[H 2 SO 4 ] 

[Quinine] 

E„ 

Eq 

^Q 

0.00016 

0.8 

0.000250 

6.4 X 101* 

4.9 X lO'" 

0.057 

0.00016 

0.8 

0.000025 

19.2 X 10i« 

4.5 X lO'® 

0.059 

0.00016 

0.8 

0.000010 

47.0 X 10’" 

4.8 X 10'« 

0.057 


is determined by Eq, not by incident light, E©. 
A = 366 m^, Temperature, 5* 


by the mass of the group attached on the opposite 
side of the quinoline group. P'or tpq is negligible 
at 313 mjjL when hydrogen is found in this posi- 
tion (cinchonine or cinchonidine), 0.013 for hy- 
droxyl (hydrocupreine), 0.070 for hydroquinine 
(methyoxyl), and 0 060 to 0.072 for the deriva- 
tives having ethyoxyl, isoamoxyl and isooctoxyl, 
respectively. The wavelength 313 ni/A used in 
these experiments falls in each case just to the 
right of a broad flat maximum of the absorption 
curve. The greater the mass on the opposite 
side of the quinoline group, the more likely it is 
that sufficient energy will pile up in the secondary 
hydroxyl to bring about oxidation. A heavy 
group does not act as an energy trap, but rather 
seems to induce resonance, — ^possibly by produc- 
ing some degree of symmetry on opposite sides 
of the quinoline group. Accumulation of data 
for an adequate number of related compounds 


Eq can be held constant by simultaneous variation 
of Eo and concentration of alkaloid. The con- 
clusion follows that if a quantum yield falls off 
with increasing concentration of the photosensi- 
tive constituent, then quantum yields at different 
wavelengths should Ixi compared only for equal 
concentrations of activated molecules. The im- 
portance of this was not realized by us in 1932, 
and so we were unable to explain the fact that 
<l>q at A 254 m/x came out somewhat smaller than 
at A 280 mfi, though the main trend of the 
curve was upward. To-day we would be inclined 
to attribute this to the fact that the Kq is nearly 
a hundred fold greater at 254 m/x than at A 280 
nifx. At A 254 mfx the reaction must occur mainly 
in a thin layer next the front window, where 
the concentration of activated quinine molecules 
is relatively large. It is quite possible that some 
other cases of the decrease in 4> with decreasing 
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X (i.e. with increase in the magnitude of the 
quanta) could be similarly explained. 

Dr. Heidt has suggested an additional pos- 
sibility, not mentioned in papers hitherto pub- 
lished, that a small but important fraction of 
all the photons are directly absorbed by the 
secondary hydroxyl of the quinine derivatives 
containing it. He has expressed an intention to 
test this possibility, but the substances required 
to make crucial experinients have not yet been 
synthesized or else are unobtainable at present. 
He recalls the observation of Mhssol and Fau- 
son^® that the absorption threshold shifts from A 
2385 to A 3430 A in the series methyl to octyl 
alcohol, also that the difference in absorption 
between primary and secondary alcohols is un- 
important. To be sure. Massol and Fauson ob- 
served these thresholds using a layer of 10 cm. 
thick, i.e., something like 0.1 mol in a light path 
of unit cross section, as against lO'® mol, or less, 
in our experiments. Just what would be the ab- 
sorj^tion of a secondary hydroxyl having the en- 
vironment prevailing in the molecule of quin- 
ine or a derivative is impossible to predict. 
The following experiments’**, however, are sugges- 
tive. The concentration of activated molecules 
was held substantially constant by the use of stops 


on the front 

lens of the monochromator. 

A in ni/i* 

*t> clncbonln. 

A, 22 

<P quinine 

405 

no absorption 

0.027 

366 

0 . 0052 ® 

0.070 

280 

0.01 4* 

0.092 

313 

0.0022® 

0.065 

254 

0.080* 

0.077 

208 

0.061* 

0.105 


* liitherto unpublished results by us 


It is evident that <l>cUH’hou\w is small over the 
spectral region of the first electronic absorption 
band of quinoline which extends from A 405 to 
A 280 lUfAy while is 0.027 even at A 405 

m/i and has virtually reached its peak at A 280 
m/i. This suggests that quanta absorbed by the 
quinoline group of cinchonine are much less 
efficiently transferred to its secondary hydroxyl 
than to the secondary hydroxyl of quinine. The 
sharp increase in <l> cinchonine at 254 m/x there- 
fore tends to support the hypothesis that in this 
wavelength region the secondary hydroxyl in both 
alkaloids begins to ahsorb in lieu of quinoline, 
thus inducing a substantial part at least of the 
observed photochemical activity of cinchonine, 
quinine and by analogy the other derivatives also. 

The general question of the variation of quan- 
tum yield with wavelength has been the theme 


of researches by many investigators, which AH^ 
mand*^ summarized up to 1931. A critical survey 
of the data reveals the weakness, in many ca^s, 
of the experimental methods for determining the 
absorption coefficients, the energy flux and the 
amounts of photolytic products and the insecur- 
ity of some of the hypotheses suggested by such 
results. That no simple rule can be laid down is 
evident as we recapitulate the systems discussed 
aliove, and compare them with two others. 

Nitrogen tetroxide. No photochemical activity 
on either side of the absorption maximum at A 
336 nift, N 2 O 4 starts from zero and rises slow- 
ly when the next higher electronic state is reached. 

Quinine, lias a maximum at A 280 m/ix, an 
absorption minimum. 

Cinchonine, c^cincuonin^ has a maximum at A 254, 
an absorption minimum. 

Acetaldehyde'^^. A doubling of quantum yield 
in passing from A 313 ni/x (which falls upon an 
absorption band) to A 334 m/x which falls directly 
between two liand maxima. Leighton and Blacet 
think that the underlaid continuum may be res- 
ponsible for this outcome. 

In the cases of cinchonine and acetaldehyde 
alike, there appears to be .some overlapping of 
absorption Imncls of active centers. 
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Discussion 

Dr, Pettit: I would like to ask if it is within 
the realm of possibility to obtain the spectrum of 
a single bacterial cell. 

Dr, Forbes : I would hardly say that anything 
of the sort is impossible. Last week, at the 
laboratory of the Public Health Service at the 
Harvard Medical School, they showed me an 
ultraviolet microscope with which they took ten 
photographs of a single cell at different optical 
levels. To obtain a complete alisorption si)ectro- 
gram of a single cell would be much more diffi- 
cult than to suspend many cells at once in a 
medium having negligible absorption. Perhaps 
you have in mind the absorption of different parts 
of the same cell, which would be a still more com- 
plicated problem. 

Dr. Pettit : Wliat I had in mind was a basis 
of differentiation between bacteria. For example, 
if it were possilile to get absorption bands char- 
acteristic of each type of cell we w^ould then have 
a single criterion to which reference could be 
made. 

Dr, Forbes: It might prove easier to obtain 
transmissions at a number of different wave- 
lengths successively, using monochromatic light 
in each case. There is need for refinement of 
method, and a great deal of patience. 

Dr, Mestre: I would like to amplify Forbes’ 
remarks concerning the difficulties in the way 
of determining the absorption spectra of bac- 
teria. The extremely small size of most bac- 
teria would seem to exclude from consideration 
any such direct spectrophotographic method as 
was used by Becking and Ross with single cells 
of Euglena. The conventional methods of photo- 
graphic photometry could be applied to a series 
of photomicrographs made by monochromatic 
light of various wavelengths, the optical densities 
of the images of the bacteria being determined by 
means of a projection densitometer with a small 
circular aperture instead of the usual slit. While 
this method does offer the possibility of deter- 
mining the absorption of single bacteria, it would 
seem that its most interesting application should 
be in the study of larger cells where distinct 


structures differing in their absorption coefficients 
are to be found.’*^ 

Except in the case of pigmented forms, the 
absorption coefficients of the substances compos- 
ing the bacteria are very low at wavelengths out- 
side of the ultraviolet, and there would be con- 
siderable difficulty in determining how much of 
the optical density of the photographic image is 
related to specific absorption by cell substance 
and how much to scattering of one type or an- 
other. The scattering of light by bacteria is an 
extremely complex affair which cannot well be 
discussed here, but it may be pointed out that it 
is not only a function of the optical system, and 
of the wavelength used, but also changes rapidly 
with the physiological state of the bacteria. While 
the specific absorption is much higher in the 
ultraviolet, and work in this region offers inter- 
esting possibilities, it should be pointed out that 
much of this absorption is characteristic of pro- 
teins in general and will not serve as a criterion 
for the differentiation of species. Another factor 
to be considered when working in this region is 
the possibility of changes in the abvSorption spec- 
trum resulting from photochemical reactions in- 
itiated by the light used for the spectrographic 
study. 

As suggested by Forbes, it is, for most pur- 
poses, preferable to work with suspensions of 
cells. Theoretical considerations and preliminary 
experiments would seem to indicate that the most 
satisfactory procedure for studying true absorp- 
tion due to cell substances is to illuminate the 
suspension of cells with carefully collimated light 
and to measure only the deviated transmitted flux, 
that which is transmitted without deviation being 
rigidly excluded. Under these conditions, practi- 
cally all the flux measured will have passed 
through one or more cells, so that the mean light 
path through cell substance, and hence the true 
absorption, will be maximal. 

In conclusion, it should be remembered that 
both optical and chemical studies have shown that 
the physiological changes which occur during the 
growth cycle of bacteria are so rapid and so pro- 
found that it is to be doubted whether single de- 
terminations of the absorption spectrum at an 
indefinite point in this cycle could ever l)e used 
as a general criterion for the identification of 
species. 

Dr. Kisiiakowsky : It seems to me that an as- 
sumption of free radicals formed upon absorp- 
tion of light by quinine will account for the 

* The photomicrographs of various cells, with ultra- 
violet light, by Wyckoff (Cold Spring Harbor 
Symposia on Quantitative Biology, 11, 1934); 
and the observations of Swann and del Rosario 
on Euglena seem to indicate that there are 
many possibilities in this direction. 
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change of the qtjantuin yield with light intensity 
equally as well as the explanation advanced by 
Forbes* One has only, then, to assume that 
the free radicals recombine to some extent, the 
more so the higher their concentration. There is 
a considerable body of evidence showing that 
most organic molecules give free radicals upon 
absorption of light of sufficiently short wave- 
lengths and I do not see why quinine and related 
substances should be exceptions. 

Dr. Forbes: Owing to the impact of solvent 
in a solution, the diffusion of dissociation pro- 
ducts away from each other would be retarded. 
Over the short period intervening between the 
absorption of a photon and the reaction (or de- 
activation) of quinine, it would be difficult to 
distinguish between an activated and a dissociated 
molecule. 

Dr. Kistiakowsky: 1 doubt whether, when 
a larger molecule is decomposed into two 
fiee radicals in a solution, these will recombine 
before they have an opportunity to diffuse away 
from each other. Upon decomposition, free rota- 
tion of the radicals will set in and it will then ht 
rather unlikely that the free valences find them- 
selves in the correct orientation for a recombina- 
tion. Besides, we have ample evidence that free 
atoms are formed in solution just as easily as in 
the gas phase. For instance, the oxidation of 
oxalic acid by iodine proceeds in solution through 
a very clean-cut atomic mechanism. The atoms 
formed from a single iodine molecule upon light 
absorption do separate in the solution, as evi- 
denced by the duration of reaction chains which 
last a tenth of a second or even longer. 

Dr. Forbes: Perhaps a better test of dis- 
sociation would be some evidence that reor- 
ganization of at least one dissociation product 
had followed the absorption of a photon. But 
if the occurrence of free rotation precluded the 
ready recombination of dissociation products, one 
might expect that these would react quite com- 
pletely with hydrochromate ion, in the case con- 
sidered. The quantum yields actually observed 
are, however, quite small. 

Dr. Noyes: In connection with Kistiakow- 
sky’s discussion concerning recombination of 
the products of photochemical dissociation, ac- 
count should be taken of the sliape of the light 
beam. 

Dr. Forbes : The effect, of changing intensity, 
upon the quantum yield was small in the quinine- 
chromic acid reaction and not detectable in the 
case of uranyl oxalate. In cases where the square 
root relationship obtains, the distribution of en- 
ergy in the light l)eam evidently becomes a mat- 
ter of great importance. 


Dr. Noyes: The distribution pf absorbed 
energy among two or more absorbing moleculaf 
species must be made with due care. In a region 
of banded absorption, pressure effects and speci* 
fic interactions may be important even though 
each substance, alone, obeys Beer’s law. 

Dr. Forbes : A mixture of nitrogen tetroxide 
and dioxide at variable pressure would be a case 
in point. On the other hand we have found the 
absorption coefficients of quinine and chromic 
acid to be nearly independent of concentration in 
normal sulfuric acid at constant temperature. 
That of uranyl oxalate in dilute oxalic acid is 
unvarying if temperature is held constant. 

Dr. Noyes : One other point should be em- 
phasized here. Spectrum work on complicated 
molecules with prism spectrographs of low re- 
solving power often leads one to interpret the 
spectrum as predissociation when in reality it is 
not. Most molecules with atoms even as heavy 
as oxygen and nitrogen require very high resolv- 
ing power. In most cases, the resolving power 
is limited. 

Dr. Forbes: A grating of sufficiently long 
focus and resolving power should show definitely 
whether an apparent continuum is actually con- 
tinuous or discrete in structure. 

Dr, Noyes: More twenty-foot gratings should 
be used in chemistry departments. 

Dr. Rollefson : 1 would like to suggest a pos- 
sible explanation for the change of quantum yield 
with wavelength. Let us consider that the ex- 
cited molecule produced by the action of light 
may return to the normal state with emission of 
a quantum of light or the molecule may go over 
into another state which reacts either directly or 
via a dissociation process. If we represent the 
different electronic states by the potential energy 
curves o. b, and c in the figure then we shall as- 
sume that the absorption of light transfers the 
molecule from the state represented by a to the 
state represented by ft. If we reach a point on ft 
which corresponds to an energy equal to or greater 
tlian that at the intersection of ft and c then we 
must consider the possibility of a change from 
ft to c. Even if the energy supplied by the ab- 
sorption of light is not sufficient to bring the 
molecule up to the energy corresponding to the 
intersection of ft and c there is a ix)ssibility 
of acquiring the small additional amount nec- 
essary by what Forbes has called a piecing-out 
process. Now if we consider excitation by the 
absorption of light of various wavelengths, to dif- 
ferent vibrational states of molecules having the 
electronic configuration corresponding to ft, then 
the number of excited molecules which go over to 
c will depend upon how near the molecule comes to 
the condition represented by the intersection of ft 
and c and how long it remains in that condition. (If 



Absorptiok Sprctra in Photochemistry 



the system we must realize that the intersection 
which appears as a point in the diagram is really 
spread over an area so that we have a gradual 
cliange in the probability of transition rather than 
an abrupt one.) TheJefore as the amount of 
vibrational energy in the state b increases, the 
probability of a transfer to c will increase at first 
and thus the nunil)er of excited molecules which 
react will increase. After the amount of vibra- 
tional energy has become so great that the sys- 
tem passes the intersection of h and c rapidly, 
then the system will not remain in the vicinity of 
this intersection long enough for the transfer to 
occur and therefore at the wavelengths corres- 
ponding to such states there will be fewer mole- 
cules reacting. In terms of quantum yields we 
should find in the most general case that the 
quantum yield would increase with decreasing 
wavelength and then decrease. In particular re- 
actions only part of this variation may he ob- 
served, as the molecules involved may absorb only 
those wavelengths which transfer the molecule to 
states represented by h on one side or the other 
of the intersection with c. 

These views can l>e tested by making accurate 
measurements of the quantum yield over a wide 
range of wavelengths, which is often very diffi- 
cult from an experimental standpoint. 

Dr, Forbes: Gas reactions yield the most 
clcan*cut interpretations owing to the greater 
simplidty of such systems. 

Dr, Noyes ; I would like to know whether the 
spectrum of nitrogen tetroxide is continuous. 


Dr, Forbes: Harris (Proc. Nat. Acad. Sci. 
14, 690 (1928) ) states that its spectrum is con- 
tinuous in the gas phase. Two bands, one with 
a minimum at 350 mfi and another with a maxi- 
mum of still shorter wavelength merge at high 
pressures into one continuous band extending 
from 400 ni/u, into the far ultraviolet. 

Dr, Noyes : Is it possible to explain part of 
the results of Holmes and Daniels by assuming 
that in one region nitrogen tetroxide dissociates 
into two normal dioxide molecules, and in the 
other region into one normal and one excited 
molecule, the latter being identical with that pro- 
duced when nitrogen dioxide absorbs light direct- 
ly? 

Dr. Forbes : That is a plausible interpretation 
of the process. In the second region the wave- 
length is less than 300 in/A. The energy, 95,000 
calories or more, exceeds by at least 10,000 cal- 
ories the sum of the heat of dissociation of nitro- 
gen tetroxide into two molecules of dioxide, and 
the energy of electronic excitation of one of the 
latter- 

Dr. Kmsel : In the mechanism suggested by 
Rollefson to account for a change of quantum 
yield with wavelength, additional complica- 
tions must be considered. There has to he some 
deactivating process, otherwise any molecule 
reaching state b with enough energy will event- 
ually react. If this is a collisional process, the 
quantum yield will have a pressure dependence. 
If it is by fluorescence, the emission probability 
as well as the reaction prolxi])ility will depend on 
the energy in the .state b, and the quantum yield 
will not be directly proportional to the reaction 
probability alone. These complications, of course, 
do not prevent Rollefson's mechanism from 
0 |->erating. 

Dr. Bates : There is one other difficulty which 
occurs to me. Norrish found fluorescence of 
NO 2 at low pressures only, at high pressure, im- 
mediate deactivation on collision with another 
molecule of nitrogen dioxide. The energy thus 
transferred is sufficient to bring about thermal 
decomposition of the molecule. 

Dr. Noyes: Is it true that the quantum yield 
of methyl iodide decom[X).sition is lower in the 
region of continuous absorption than in the re- 
gion of banded absorption ? 

Dr. Bates: In the continuous region, as soon 
as a few methyl iodide molectiles are decomposed, 
further methyl groups, formed on photodissocia- 
tion, tend to react with iodine to refonn methyl 
iodide. In the banded region we might have im- 
mediate biniolecular reaction without the inter- 
vention of methyl groups, or methyl groups may 
be formed of sufficiently high energy to react 
with methyl iodide on collision. 
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THE QUANTUM THEORY OF ACTIVATION AND ABSOLUTE REACTION RATES 

OF PHOTOCHEMICAL PROCESSES 

Henry Eyeing 


The absorption of a quantum of light of suffi- 
ciently high frequency to cause the dissociation of 
some molecule into atoms or radicals frequently 
brings in its train a complicated series of second- 
ary processes. The recombination of the disso- 
ciated atoms may lead to a vanishingly small 
value for the ratio of molecules reacting to light 
quanta absorbed provided the association process 
is rapid compared to the alternative secondary 
processes. If the converse holds for the relative 
rates wc may have a quantum efficiency as high 
as 10 ® as exemplified by the famous H 2 + CI 3 
2HC1 reaction^. 

The Primary Process. The absorption of light 
occurs because the atoms being composed of posi- 
tive and negative charges are pulled apart by the 
impinging electromagnetic wave associated with a 
photon of light. Thus if in each of the three di- 
rections the electrical field strength of the light 
wave may be represented by the expression 

S Ej» cos 2v (vt — av) (1) 

V 

a straight forward analysis^ leads to the expres- 
sion 

(lex|*Bii. + + lezl®BB,) S E*, 

h-2 [sin2 r (v-VB„)t]/(v-0* (2) 

for the probability that in the time t a quantum 
of light will be absorbed by a molecule or atom 
having effective values for the square of the di- 
pole moment given by |ex|^nm, kyj^m and jezl^nm 
and a frequency vnm associated with this transi- 
tion between the states n and m. E^,r is the in- 
tensity of the light of frequency v. From rela- 
tion (2) we see that the absorption is great if the 
impressed frequency v is near the absorbed fre- 
quency v„m; also that adsorption bands have a 
finite width which becomes narrower the longer 
the time t during which the impressed wave train 
acts on the system. The summation of this prob- 
ability of absorption over frequency reduces to an 
integration in which we may replace by 
(&r/3) pnm dv where pnm is the density of photons 
per unit of frequency in the neighborhood of the 
frequency rnm* We thus get for the probability 
of absorption the expression 

( 3 ) 

8irV(3h2)(|ex| ^nni jcyj^ttm + |ez| ^nni) Pnmf 

The selection rules for absorption are thus seen 
to depend on the magnitude of the values of the 
dipole moments averaged between the two states 


which for atoms are in general zero unless the 
states n and m have their 1 (azimuthal quantum 
numbers) differing by ±:1 and their magnetic 
quantum numbers differing by ±:1 or 0. An 
equivalent statement is that in the collisions of an 
atom with a photon the electron can change its 
total angular momentum by ±1 unit and the z 
component by ±:1 or 0 units of angular momen- 
tum. For molecules we have additional selection 
rules which are of great importance in determin- 
ing molecular structure. We shall not consider 
them further here. The photon excites quad- 
rupole as well as dipole oscillations (although 
much less frequently) and in this case there may 
be changes of as much as 2 units in the electronic 
angular momentum. The linear momentum of a 
photon is given by the quantity hv/c where h, v 
and c, are the Planck constant, the frequency and 
the velocity of light, respectively. Multiplying 
this linear momentum by the distance r from the 
photon to the center of the atom we get (hv/c)r 
for the change in angular momentum due to the 
absorption of a photon. In order for this to be 
equal to the quantity of angular momentum h/2w 
(1 Bohr unit) lost by the electron we must have 

2wr = c/v = \ (4) 

Thus we should think of the photon as being cap- 
tured in an orbit of such a diameter that the dis- 
tance around this orbit is equal to 1 wavelength A 
just as for an electron in its lowest state we have 
the distance around the orbit equalling the de- 
Broglie wavelength. 

A molecule or atom which has become excited 
may lose its energy by fluorescing, or because of 
its new valence properties it may react, or it may 
transfer all or a part of its energy by a collision 
to a second molecule. 

As was shown first by Einstein the probability 
of a system spontaneously radiating is 

8 TT h V®|jjn / C® Pnm ( 5 ) 

times the prol)ability of absorbing®. Here c is 
the velocity of light and the other quantities are 
universal constants or have been defined. Com- 
bining this factor with relation (3) we find for 
the probability of a spontaneous transition in the 
time t the expression : 

64 it" t/(3c®h) (6) 

(|ex|®nm + |ey|*Ba, + lezl'ni.). 

If we set this protebility equal to 1 and set the 
corresponding time t = t we obtain, to this ap- 
proximation, for the mean life of a system 
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r = 3c* h/[64 

(|exl»„« + lcy|*B« + \tz\\m)]- (7) 

Now if we take x, y and z as approximately 10“® 
and vnm = the approximate frequency for 
an electron in an orbit, we find r 10“® to 10^ ® 
sec. r will be larger for smaller values of the 
effective dipole moments. For vibrations we 
have frequencies of the order of 10^® so that here 
T ^ 10"* and for rotational transitions we have 
lower frequencies and correspondingly longer 
mean lives. 

Now the number of collisions which an atom 
or molecule experiences is proportional to the 
pressure. At atmospheric pressure a molecule 
experiences about lO^ collisions per second so 
that if it is electronically excited it will only have 
about 100 to 1000 collisions (at most) before 
re-emitting the absorbed light quanta. If a re- 
action involves an activation energy of E calories 
the chance of reaction on a single collision is 
given approximately by the Boltzmann factor 
^-E/RT j{ jg greater than l/KXX) 

at room temperature E must not appreciably ex- 
ceed 4 kg. cal. Thus we will not observe excited 
atoms taking part in processes which have any 
considerable temperature dependence. In con- 
densed phases activation energies as high as 8 
kg. cals, may occasionally be observed because of 
the more frequent collisions. 

Probability of Electronic Transitions by Col- 
lision, For collisions where the prol)ability of 
transition from one electronic state to another is 
low the considerations of Kallman and London^ 
lead to the simplified equation 

(ih/27r) (aC/St) = M exp 2iri E/h)t (8) 

for the transition probability C as a function of 
the time t. Wigner® used this equation in an in- 
teresting calculation of the rate of the para-ortho 
conversion of H 2 by paramagnetic molecules. 
In (8) E is the difference in energy between the 
initial and final electronic states for the system, 
i.e., it is the amount of energy which miust be 
supplied from the tianslation of the colliding 
molecules; M is the energy of interaction of a 
kind tending to bring about transition. The act- 
ual process considered is the turning around of 
one of the magnets associated with the nuclear 
spins of the two hydrogen atoms from a posi- 
tion in which they are anti-parallel to the paral- 
lel position. An approaching paramagnetic mole- 
cule being nearer one hydrogen nucleus than the 
other exerts a greater force on the near nuclear 
magnet thus tending to reorient the pair. M is 
the magnitude of this reorienting potential 
averaged between the two states. If the transition 
takes place the energy of the hydrogen molecule 


must jump from an even to the next odd rota- 
tional state, which gives the energy E. Wigner, 
after relating in a reasonable way the duration 
of the collision time t to the relative velocity and 
nearness of approach of the molecules, was led 
to the expression 

8ir* ^.2 r® (3h* a.® (9) 

for the probability of transition in a single colli- 
sion. Here fi^ and /ip are the magnetic moments 
associated with the proton nuclear spin and with 
the molecule colliding with H 2 respectively ; r and 
a. are the distance between H atoms, and be- 
tween the hydrogen molecule and the colliding 
magnetic dipole. The relative velocity V in (9) 
of the colliding molecules may be related to the 
reduced mass m and to the absolute temperature 
T by the equation mV® = 3 kT. Substituting 
for V® in (9) we obtain 

87r® r® m (9h® a/ k T) (10) 

Wigner then finds that if a» is taken as 1 to 2A, 
he gets 10 to 10"^* for the probability of tran- 
sition per collision in agreement with experiment. 

Now we may use (8), (9) and (10) to dis- 
cuss qualitatively the factors which influence the 
uncoupling of any two magnetic vectors in one 
atom or molecule by collision with a second mole- 
cule. It should be borne in mind that these rela- 
tions only apply strictly when the transition pro- 
bability is low. In the 6*Pi — ► 6*Po transition 
of Hg w^e have the electronic spins of the two 
outer electrons always remaining parallel to each 
other to give a net resultant magnetic vector of 
two Bohr magnetons. In the initial state, how- 
ever, this magnetic vector may be thought of as 
making an angle of 60° with the magnetic vector 
arising from the motion of the p electron in its 
orbit. In the final state these two magnetic 
vectors have become anti-parallel. Experiment 
shows that NO and O 2 l)eing paramagnetic are 
particularly efficient®, as we would expect, in 
quenching the Hg resonance radiation. The 
molecules are found to have effective radii for 
this process of 35.3 and 19.9A, respectively. In 
the quenching of the Hg radiation we have (in- 
stead of the small magnetic moment fip of a 
hydrogen nucleus) a moment which is larger than 
the nuclear one in the ratio of the mass of a 
proton to the mass of an electron. Also because 
the magnetic moments in the Hg are associated 
with the electrons in the outer shell instead of 
with the nucleus they come much closer to an 
approaching molecule. Both these effects tend 
to increase greatly the comparative efficiency of 
quenching processes of the Hg-type over that for 
para-ortho conversion. 
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This iiearness to the atom surface of the im- 
portant magnetic moments in Hg makes appre- 
ciable interaction pOwSsible even with molecules 
whose magnetic fields fall off much faster than 
does a dipole moment. Thus molecules like Ns, 
CO2, CH4, H2O, etc., which are ineffective in 
the para-ortho conversion arc important in 
quenching. If part of the energy given up by 
the Hg in its transition is taken up by the col- 
liding molecule as internal excitation the energy 
E in (8) which measures the residual energy to 
be taken up from relative translation becomes 
smaller and the probability of transition corres- 
pondingly larger. This, of course, only holds if 
the interaction energy M (of the Hg magfnetic 
moments with this internal degree of freedom) 
does not decrease in such a way as to compen- 
sate the effect coming from the decrease in E. 
The experimental aspect of this question is dis- 
cussed at length by Mitchell and Zemansky.®^ 

By examining ( 9 ) and ( 10 ) further we sec 
that the violence of collision has two contrary 
effects. Increasing the velocity or the tempera- 
ture T lessens quenching efficiency. On the other 
hand if the collisions become sufficiently violent 
a. will be appreciably decreased, improving the 
quenching efficiency. At sufficiently low veloci- 
ties a third effect enters which, due to the ap- 
proximations in the derivation, does not appear 
explicitly in ( 9 ) and ( 10 ) ; namely if the relative 
translational energy is insufficient to provide the 
necessary excitation energy no transition is pos- 
sible. 

Now suppose we are concerned with a transfer 
of excitation energy between atoms in which the 
principal quantum numbers change, i.e., the 
average distance between the electrons and nuclei 
change, one increasing, the other decreasing. For 
this case we think of the electron and positive 
nucleus of one atom as constituting an electrical 
dipole which interacts with the dipole for the 
other atom to give the interaction M in (8) while 
E the energy supplied to (or from) relative 
translation measures the difference between the 
two atomic excitation energies. The general con- 
siderations then parallel exactly those for magne- 
tic dipoles and we can again use relations (8), 
( 9 ) and (10). (See the paper by Kallmann and 
London^* for a discussion of this case.) 

Reactions involving a Change in Multiplicity 
We take for definiteness the dissociation N— 

N — O Na -f- O. If we plot the distance be- 
tween the N2 molecule and the O as abscissa 
with energy as ordinate we get Fig. 1. The 
broken lines are obtained when magnetic inter- 
actions are considered, while the continuous lines 
are obtained when this interaction is neglected. 



'Oecomposiiion ,of A/x,0 

Note : The curve from '5 N2O to 'SN2 + 'DO 
is curve 1 of the text. Curve 2 crosses curve 1 at 
I. The two short lines, joining respectively the 
upper and the lower segments of 1 and 2, are 
referred to as broken lines. 

The passage of the point representing the sys- 
tem from curve 1 to 2 involves a change in multi- 
plicity. Now the chance that the system 
approaching the intersection I from the minimum 
M shall change over to 2 is given according to 
Zener^ (see also Landau®) by 

( 11 ) 

Pj2 = 1— *exp [— 47r^E^(hVlsi — 82!)“^] 

where V is the velocity with which the system 
passes through I. $1 and S2 are the slopes of the 
potential curves 1 and 2 respectively at I while 
M is the magnetic interaction averaged between 
states 1 and 2. Experimentally we know the 
average value of P12 (which we write P12) for 
NsO IS about 1/1000 as the reaction proceeds at 
a unimolecular reaction rate about this fraction 
of the normal rate. The equation for the speci- 
fic rate of reaction is given below. 

The Absolute Rate of a Chemical Reaction 
A chemical reaction involves transfer of atoms 
from one set of partners to another and might 
conceivably take place by pulling all the atoms 
apart and then reassembling them. Thi.s, how- 
ever, would involve an unnaturally extravagant 
use of energy and docs not ordinarily occur ex- 
cept for the very simplest reactions. Cknerally 
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m ft reaction one or more molecules possessing 
energy considerably above the average associate 
to form what has been frequently called an acti- 
vated complex which then flies to pieces. The 
number of these activated complexes present at 
any time multiplied by the reciprocal of their 
mean life gives the rate of the reaction®. Con- 
sider the very general reaction : 

niAi -f- . , . UiAi — ^ C — > miBi -f* . . . nijBj 

where n gives the number of molecules of the 
type A which come together to form the activated 
complex C and where m gives the number of 
product molecules of the kind B. For the con- 
centration of C we then have 

Hi tli 

(C) = (Ai). . . (AO K 

where K is an equilibrium constant. Now the 
mean life of C is h/kT/c where k is the 
chance of reaction per single passage of the sys- 
tem from the initial state through the activated 
state and h/kT is the mean life of a system in 
any particular translational cell in phase space. 
Thus we can write for the rate of reaction 

-d(C)/dt = Kk (kT/h) (Aix! . (Ao""* 

( 12 ) 

which gives for the specific reaction rate 

k^ = Kk (kT/h) (13) 

For the N 2 O reaction we make the identification 
K = P12. 

The problem in reaction rates then is to cal- 
culate the equilibrium constant K and the trans- 
mission coefficient <c. The activated complex is 
like an ordinary molecule in all of its degrees of 
freedom except the one in which it is flying to 


pieces. The activated state corresponds to the 
particular atomic configuration intermediate be- 
tween reactants and products, and possesses the 
indispensable minimum of potential energy neces- 
sary for the reaction (unless there is quantum 
mechanical leakage through the Imrrier). I'he 
activated state is thus the low place in the eneigy 
ridge separating the two low regions correspond- 
ing to reactants and products. In Fig. I it is 
rei)resented by the point I ; in Fig. II and Hi, by 
the line marked reaction shell ; in Fig. IV, by the 
two equally low points in the two passes just 
preceding and following the symmetrical line 
which bisects the southwest corner; and in Fig. 
V the activated state is the point A. Much has 
been written about the construction of such 
energy surfaces.^® Approximate methods of con- 
struction are available which answer many of the 
questions of chemical kinetics. The construction 
of the accurate surfaces wliich would suffice to 
answer all such questions is being approached as 
time goes on. 

Such a surface yields the atomic distances in 
the activated com]:)lex and the vibration fre- 
quencies. With these quantities and the same 
ones for the reactants the equilibrium can be cal- 
culated by the well known methods applicable to 
any equilibrium. Thus for the unimolecular de- 
composition of the linear molecule NyO we have 
foi the specific reaction rate constant the ex- 
pression : 

a 

k^ = n II [1- e.xp (^ii,vkT)]-i 

i^i 

4 

IT (I - exp h.j/lcT) 

i - 1 

[(kT/h) exp (~E/kT)] (14) 



Potent io/ hr on Hotm opproocNn^ on Hz molect/fe> 
FIGURE n 



14 


Henry Eyrxng 



^tentfo! for 0 d oiom opproochmcf on hk mokcuh. 


PIGtJRE III 

Here I is the moment of inertia and the fj’s are lation across the activation energy barrier ap- 
the four vibration frequencies of the normal pearing in the activated complex. The transla- 
molecule. The starred quantities have the same tional factor is included in the term kT/h. For 
significance for the activated complex. The other any reaction mechanism the equation correspond- 
symbols have been defined or have their usual ing to (14) can be written down immediately, 
meaning. In place of the four fre(}uencies of We shall now briefly discuss some typical potent- 
normal N^O we have three vibrations and a trans- ial surfaces. 



Energy contour mop of hneor hkmohcuh. Anpfrom$-^ff 

FIGURE IV 
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For i^rmission to use Figs. II and III the 
author is indebted to Mr, Joseph Hirschf elder. 
II shows how the potential energy changes as a 
hydrogen atom approaches a hydrogen molecule. 
I’te energy in kg. calories is indicated by the 
numbers. The scale of distance is given by the 
fact that each of the two black circles has a 
radius of 0.53 A. If the collision is one with a 
relative velocity corresponding to less than 7 kg. 
cal. the Hs molecule behaves almost as a 
moderately rigid sphere. Slightly more violent 
end-on collisions lead to a change in partner for 
the atoms (a chemical reaction), while collisions 
in other directions fail unless they are much 
more violent. Fig. Ill is a similar diagram for 
the reaction of a Cl atom with 

Fig. IV is another aspect of the process pic- 
tured in Fig. 11. Here energy contour lines are 
drawn for three hydrogen atoms in a line as a 
function of the two distances of the outer atoms 
to the central one. By plotting the two distances 
on coordinates making 60^^ with each other the 
mechanical behaviour of such a linear molecule 
is paralleled hy the motion of a ball on this poten- 
tial surface, 'fhe reaction -f- JI H + Ho 
corresponds to a hall moving west up the lower 
valley cros.^ing through the pass (which is high- 
est just before and just after the symmetrical 
line) into the second valley. Pelzer and Wigner^^ 
were the first to calculate the absolute rate of a 
reaction and they used the surface similar to Fig. 
IV constructed by Eyring and Polanyi,’^**^ They 
obtained very good agreement with experiment. 

Another reaction which also requires this sur- 
face for its calculation is the formation of a hy- 
drogen molecule by the collision of three hydro- 
gen atoms. This is discussed in detail in a 
paper by the present author with Drs. Sun and 
f^rshinowitz^^ to whom we are indebted also for 
Figs. IV and V. They also obtain good agree- 
ment with experiment. 

The process in this case corresponds to a ball 
leaving the plateau marked H H + H and 
ending in one of the two valleys, with enough of 
the energy transformed into motion along the 
valley so that it can no longer return to the 
plateau. This transformation occurs negligibly 
often unless the ball crosses the symmetrical line 
separating the two valleys. The calculation of 
the rate then consists in counting the equilibrium 
number of points, representing the system, which 
cross this line per second and which in addition 
fulfil certain conditions on their velocities. These 
conditions are chosen to exclude systems not 
beginning on the plateau and ending in the 
valleys. 

Now not only the above linear collisions (and 
nearly linear ones) may result in molecular asso- 


ciation but also those in which one atom is 
directed toward the center of gravity of a pair 
colliding along a path normal to their direction 
of collision. The potential energy for all such 
configurations of three H atoms forming an 
isosceles triangle is given in Fig. V. Only half 
the surface is drawn since it is symmetrical about 



FIGURE V 


the line X = O. Here as in the linear case if 
we are given the surface the problem of reaction 
rates is simply an exercise in statistical mechanics. 
Thus we must estimate the rate with which parti- 
cles representing the system pass from the pla- 
teau into the east-west valleys at the lx)ttoni of 
the map. A person interested in more details 
should consult the paper by Pelzer and Wigner'^* 
and by Wigner^^**, a series of papers by the 
present author and his collaborators,®'^^ and one 
by Evans and Polanyi.^^ These publications treat 
the general theory of absolute rates and make 
many new applications. 

In the brief time a\^ilable it has not been pos- 
sible to do more than indicate the methods of 
calculating reaction rates in photochemical sys- 
tems. It should be clear, however, that theoreti- 
cal methods are already available for considering 
most of the important mechanisms and that in 
certain directions these methods are giving not 
only qualitatively, hut quantitatively correct re- 
sults. 
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Discussion 

Dr. Kassel : You made a remark a 1 )OUt the 
two nitric oxide energy curves which I don't quite 
understand; something about their failure to 
cross when treated exactly. 

Dr. Eyring: If only electrostatic interactions 
are considered in the Schrbdinger equation the 
energy levels for the triplet and singlet curves 
cross as indicated by the full lines in Fig. 1 . If 
the magnetic forces between the spinning elec- 
trons are also considered we get, instead of the 
crossing energy levels, the modified curves indi- 
cated by the broken lines. 

Dr. Kassell : I understand how that works out 
in other cases; but it seems strange here that in 
only one crossing out of a thousand the molecule 
stays in the curve, and in all the others it jumps 
the track. 

Dr. Eyring : How often it jumps the track of 
course depends on the velocity. For zero velocity 
the broken curves represent the exact .s^^lution of 
the Schrodinger equation and there is no tendency 
to jump from one energy level to the other, How- 
ever, a finite velocity introduces in effect into the 
Schrbdinger equation a perturbation which grows 
with the time and the velocity ; so that the energy 
levels, or tracks, for the stationary system are no 
longer quite the proper tracks. The fact that we 
have jumps or transitions at all arises from the 
fact that we persist in describing our system in 


terms of energy levels which are only appiioxi- 
mately correct. 

Dr. Relief son: There is one point which I 
would like to illustrate with the diagram for 
N3O which shows the two electronic states, one 
dissociating into N2 and a normal oxygen atom, 
the other into N2 and oxygen in the state. In 
the diagram the latter state corresponds to a 
stable molecule, whereas the former does not. 
Now suppose we are trying to decide what will 
happen if we bring an oxygen atom up to a nitro- 
gen molecule. If we are dealing with a normal 
atom and molecule, these calculations would lead 
to the conclusion tliat a stable molecule would not 
form, but in this case we can find other states 
which will lead to the stable molecule which we 
know exists. In most reactions, however, we are 
interested in trying to decide whether or not cer- 
tain intermediates can be formed and we do not 
know the answer. Is there anything we can do 
with such a problem except calculate all possible 
interactions between all combinations of reason- 
able initial states and see if any lead to the for- 
mation of stable molecules ? 

Dr. Eyring: I'he only way of arriving at 
energy levels and eigenfunctions for molecules a$ 
complicated as those for N*/) is by use of the 
laborious variation method or the perturl)ation 
theory. I'he quantum numbers for a central field 
which apply well to the free O atom must describe 
very badly the ‘'oxygen electrons’’ in N2O. When 
the levels are far apart, as they are for a hydro- 
gen atom, they still remain quite well separated 
in a molecule formed from the hydrogen. In 
most cases, however, we have molecular levels 
taking on the properties of a number of atomic 
levels in proportions only determinable by labori- 
ous calculations, as you indicate. 

Dr. Rollefson : There are two ways of getting 
the N2O molecule from Ny and O. One is to ac- 
tivate the oxygen atom to the state, the other 
is to have the system change electronic state as 
the oxygen atom approaches the N2 molecule. 
The former would have the higher activation 
energy but the latter might have a less favorable 
probability factor. 

Dr. Eyring: Both processes can no doubt be 
realized experimentally. 

Dr. Rollefson : These calculations indicate 
whether or not a particular molecule can be 
formed although it may be destroyed rapidly by 
some other reaction. The triatomic halogens are 
unstable with respect to the reaction 2X3 = 3X2, 
but that does not prevent having some X^ mole- 
cules in a photostationary state. 

Dr. Noyes: 1 have a rather naive question, 
Mulliken and Hund, and others, have described 
electron configurations in terms of one electron 
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vmvt functions. Is one justified in giving any 
icinid of minimum which predicts a stable molecule 
which violates the Pauli exclusion principle ? 

Dk Eyring : Certainly not. One should never 
use eigenfunctions which are inconsistent with the 
Pauh principle. The methods of calculation 
which we have used in constructing potential sur- 
faces are exactly as correct in this respect as are 
those of Hund and Mulliken and are the correct 
ones for the atoms far apart while their approxi- 
mation is the correct one for the united atom. 
We are at present combining the two schemes. 
This in fact simply amounts to considering polar 
states in addition to the strictly homopolar ones 
we have employed in the past. 

Dr, Noyes : Should stable H3 violate tliat 
principle ? 

Dr, Eyring: With eigenfunctions entirely cor- 
rect as regards the Pauli principle one can ob- 
tain a minimum corresjx)nding to Ha as, for ex- 
ample, is shown by the approximate calculations 
of Eyring and Polanyi. Whether this minimum 
is real or is introduced by the necessarily approx- 
imate calculations is not certain at the present 
time. The Pauli principle does not preclude the 
existence of such a minimum, however. 

Dr. Relief son: Most objections raised to this 
type of calculations are directed at the approxi- 
mations involved in the numerical calculations 
rather tlian the nature of activation energies. 

Dr. Eyring: At the present time Hirschfel- 
der, Rosen and I are evaluating the triple ex- 
change integrals for the linear H3 molecule. 
These have previously been neglected. The cal- 
culation of exact surfaces is a very laborious pro- 
cedure and for answering many important ques- 
tions the easily constructed ai)proximate surfaces 
serve almost as well. 

Dr, Bates: As to the quenching of NO. You 
took only the case of the transition from to 
6^Po. If the transition is to 6^ So, what do you 
obtain ? 

Dr, Eyring: I have not treated this transition 
explicitly. In principle it is essentially the same 
as that treated in the discussion of NoO for 
which we have already given the transition prob- 
abilities. Thus a O atom has a definite prob- 
ability when colliding with a N2 molecule of 
jumping to the ®P level and dissociating into a 
normal N2 and a atom. The corresponding 
potential curves for the Hg case could be drawn 
and the slope and interaction energy, calculated 
to obtain the probability of transition. Because 
the principle quantum number of the Hg changes 
Mia would now involve a potential due to the 
electrical as well as the magnetic dipoles. Lon- 
don has pointed out some of the itiaccuracies in 
such a calculation. Greater accuracy is obtained 


if we include both our electric and magnetic di- 
pole interactions in our original Schrodinger 
equation. This then gives us non-crossing poten- 
tial curves and we must now use as the perturb- 
ing potential responsible for transitions only a 
term depending on the slopes and curvatures of 
the surfaces in tliis region and on the relative 
collision velocity. 

One other point could perhaps be made clearer. 
Consider the 6®Pi 6®Po transition of Hg dur- 
ing a collision in which the energy is taken up in 
the vibration of the colliding molecule. The mag- 
netic vectors in the Hg interact with the magnetic 
moments associated with the electron spins of the 
bonding electrons. Now as the vibrational quan- 
tum number of the bond increases the magnetic 
field on the Hg increases because the valence 
electrons, being on the average further apart, 
compensate each other's spin magnetic moments 
less completely. Thus for large vibrational quan- 
tum numbers this magnetic field approaches the 
large value of the molecule dissociated into atoms. 
Thus we see how the quadrupole magnetic mo- 
ment associated with a chemical bond can interact 
with the magnetic vectors in Hg. Where the 
bonding electrons have orbital moments this ef- 
fect must also be considered. 

Dr, Forbes: What is the limit of the avail- 
ability of your method of determining reaction 
rates as the reactions considered become more 
and more complicated.^ 

Dr, Eyring : Although very complicated mole- 
cules may enter into reactions and there may be 
a whole series of successive changes, the rate is 
determined, for many reactions at least, by a 
single slow process. Even in chain reactions 
there are in general only a few critical processes 
which are rate determining. In calculating a re- 
action rate we need to know only the properties 
of the original molecules and those of the critical 
complexes for the slow processes. Everything 
else is irrelevant. In seeking these slow processes 
we should use every possible chemical and physi- 
cal consideration to eliminate unlikely meclian- 
isms l>efore resorting to the construction of po- 
tential surfaces for critical complexes. If all but 
a few of the }X)ssibilities can thus be eliminated 
the approximate surfaces we can now construct 
will often enable us to select between those re- 
maining possibilities without excessive labor. 
However complicated the molecules, the fact that 
chemical forces fall off rapidly with distance in- 
sures that only a comparatively small number of 
atoms will participate in an important way in any 
particular slow process. The Boltzmann factor 
reduces to insignificance processes involving the 
breaking of more than a very few bonds simul- 
taneously. Thus we probably will be able ulti- 
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mately to construct the important parts of the 
potential surfaces for even the more complicated 
reactions. I see no limitation in principle. 

Dr, Forbes: Could one handle the quinine- 
chromic acid reaction, for instance? 

Dr, Eyring: I think the general procedure of 
constructing the best possible potential surface 
for the probable slow processes together with cal- 
culations of the absolute rate for these processes 
is certain to shorten greatly the experimental 
journey toward a perfect understanding of such 
a reaction. 

Dr, Rollefson : I would like to ask Dr. Eyring 
about one particular example. If you consider 
the reactions of atomic hydrogen with bromine 
and with hydrogen bromide, these calculations in- 
dicate a difference in the heats of activation of 
approximately eight large calories, yet experi- 
mentally there is no difference. To what do you 
attribute this discrepancy? 


Dr, Eyring : This is a good illustratiotl of, the 
approximations of our present calculations. At 
the present time we cannot hope to calculate ac- 
tivation energies closer than to a few large ca^Ior- 
ies, but even the accuracy available is sufficient 
to choose among several apparently possible 
mechanisms. Besides this, however, the fact that 
the force constants and the distances between 
atoms in the activated complex as given by these 
surfaces are nearly correct enables us to calculate 
the absolute rates (steric factors and collisions 
diameters) of reactions with an accuracy not 
suspected before the advent of such surfaces. 
The discrepancy pointed out by Rollefson is not 
unavoidable in principle, of course, since if one 
assumes a larger percentage of coulombic binding 
it disappears. However, it does indicate the need 
for continuing to improve our methods of cal- 
culating surfaces. 
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In discussing the problem of photoactivation it 
is necessary to bear in mind the fact tliat the re- 
active state of a molecule produced by the action 
of light may be the same as that produced by 
thermal activation or it may be quite different. 
Thus the photochemical and thermal reactions be- 
tween hydrogen and bromine to form hydrogen 
bromide apparently involve the same mechanism, 
whereas the corresponding reactions l^etween hy- 
drogen and chlorine proceed by different mechan- 
isms. In general it may be said that photoacti- 
vation is less efficient than thermal activation in 
the sense that the amount of light energy ab- 
sorbed in producing the reactive states is usually 
considerably larger than the heat of activation as 
determined from a study of the thermal reaction. 
Furthennore there are many reactions known in 
which activation energy in addition to that sup- 
plied by the light absorbed must be acquired. One 
of the most marked examples of this type is tlie 
reaction between hydrogen and bromine in which 
the bromine atoms formed by the photodissocia- 
tion of bromine molecules require approximately 
17000 calories i>er mol in order to react with the 
hydrogen. 

Let us c(jnsicler first the change produced in a 
molecule by the absorption of light and then pro- 
ceed to a consideration of the follow processes. 
From the viewpoint of a physicist the absorption 
of light may change the rotational energy of the 
molecule, it may change the rotational and vibra- 
tional energies, or it may alter the electronic con- 
figuration of the system with simultaneous 
changes in rotational and vibrational energy. 'Fhe 
last of these is the only one of any im])ortance in 
photochemistry. For convenience in discussing 
such a change let us refer to Fig. 1 in which the 
potential energies of different electronic states of 
the molecule AB are represented as a function of 
the separation of A and B. In order to give a 
complete representation of the change of tx)ten- 
tial energy with r we should use a three climen- 
sional diagram in which the system could be rep- 
resented by a point moving on the surface. For 
diatomic molecules these surfaces may be formed 
by rotating a diagram such as tliat shown in Fig. 
1 about the potential energy axis, hut for more 
complex systems the slope of the surfaces at any 
point will dei>end not only on r but also on the 
orientation of A with respect to B. In our figure 
the molecule at ordinary temperatures may he 
considered as oscillating between the points x and 
y along the curve a.* 

*Iii complex systems this oscillation will normally 
occur in such a manner that d(PE)/dr is a mini- 
mum. 



FIGURE 1 

If the amplitude of vibration were gradually 
increased until dissociation occurs A and B w^ould 
be formed ; this is also true for curve c but for h 
the products are A and where B* means that 
B is in one of its higher electronic states. Now 
if the molecule absorbs light, according to the 
Franck-Con don principle it changes from curve a 
to b or c without any appreciable change in r. 
The frequency of the light required to j)roduce 
such a change depends ui)on the separation of the 
curves representing the initial and final states, the 
quantitative relation being h v = E 2 — Ei. The 
light-energy which is absorbed by the molecule is 
therefore determined by the energy differences 
between the various electronic states and is in no 
way associated with the minimum energy which 
the molecule must acquire in order to take part 
in a reaction. 

Once the molecule has been put into one of its 
higher electronic states by the absorption of light 
we have a competition between a number of re- 
actions. One of these is the reverse of the acti- 
vation process, i.e. fluorescence. Extensive study 
of fluorescence in gaseous systems has shown that 
the time that a molecule stays in the excited state 
before returning to a lower state with the emis- 
sion of light varies considerably for different sub- 
stances but is usually between 10“'^ and ICH sec. 
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if fluorescence is observed. Some examples of 
longer life periods are 2.5 X ICX"^ sec, reported 
by Konig and Ellett^ for the 5®Pi state of cad- 
mium and 1 X 10~*^ sec. found by HeiP for the 
NO 2 molecule. That many other states of long 
life period with respect to fluorescence exist may 
be calculated from the transition probabilities as 
determined from absorption coefficient measure- 
ments, but in such cases other processes usually 
occur before the emission of light. In all such 
systems we must keep in mind that the time be- 
tween collisions in gases at ordinary pressures is 
of the order of 10 ® sec. so fluorescence can be 


the molecules are sufficiently complex so that m 
may assume that any active molecule produced hy 
the action of light is deactivated before it has had 
many collisions with other molecules. The de- 
activation process need not be complete with otm 
collision if there are any intermediate states avail- 
able. Thus in the example we have cited, Hg in 
the 6® Pi state, many molecules first transfer the 
Hg to the 6®Po stated and then after more coth- 
sions to the lowest state, 6^So. 

In considering reactions involving activated 
molecules it must be remembered that the rate of 
reaction is proportional to the collision number, 


Table I 


Gas 

Ha 

O 2 

CO 

P ^ mm 

Relative 

0.2 

0.35 

0.4 

Efficiency 

0.7 

1.0 

0.8 

observed only if the excited molecule 

is not 

af- 


f acted by the number of collisions which occur in 
the life period. An estimate of the number of 
collisions which an excited molecule may suffer 
without undergoing a change is obtained from 
studies of the quenching of fluorescence. As a 
simple example let us consider the effect of vari- 
ous gases on the 6®Pi state of mercury. Table 
1® lists the pressures of the indicated gases at 
which the fluorescence is reduced to one-half its 
original intensity. At such pressures the proba- 
bility of radiation occurring is equal to the prob- 
ability of the deactivation process. The relative 
number of collisions under these conditions may 
be calculated by kinetic theory methods if we as- 
sume that the values for the molecular diameters 
based on other measurements may be used under 
these conditions. The third line of the table gives 
the relative efficiencies of the various molecules 
calculated in this manner. Thus if we assume 
that every collision with an oxygen molecule re- 
sults in deactivation, one in five is effective with 
CO 2 , one in eighty with N 2 , and one in three 
thousand with He. We see, therefore, that the 
ability of an activated molecule to withstand col- 
lisions with other molecules depends to a very 
marked degree upon the nature of the colliding 
molecule. It is to be noted that the monatomic 
gases such as helium and argon which can remove 
energy from the photoactivated molecule only by 
acquiring kinetic energy have low efficiencies 
whereas the molecules which have the possibility 
of taking up energy as vibrational and rotational 
energy in addition to translational energy are 
much more efficient. In most reaction mixtures 
multiplied by the factor where Q is what 

is called the heat of activation for the reaction. 
If the active molecules have a short life then Q 


0 

0 

HaO 

Na 

A 

He 

2.0 

4.0 

30 

240 

760 

0.2 

0.1 

0.013 

0.002 

0.0003 


must be very small or else the molecule will re- 
turn to its lowest state either by fluorescence or 
collision. 

Up to this point we liave been assuming that 
the molecule in the higher electronic state remains 
there (provided there are no disturbances due to 
collisions with other molecules) until it can re- 
turn to the lowest state with the emission of 
light; this is frequently not the case. Returning 
to Figure 1 let us suppose that in absorbing light 
the molecule is transferred to the point z on the 
curve b; then as r increases we find that the mole- 
cule separates into two parts with kinetic energy 
equal to the difference between the potential 
energy at the point z and the energy necessary 
for dissociation. A similar dissociation would 
occur if the molecule were transferred to any 
point on the curve r. The reality of such disso- 
ciations as a consequence of the action of light 
on molecules has been demonstrated by work on 
the alkali halides. Terenin* showed that if sodi- 
um iodide, for example, were illuminated with 
light of such frequency that the energy of the 
quantum was sufficient to dissociate the molecule 
and excite the sodium atom to the 3*P state the 
yellow doublet (3^Si/2 — 3^Pi/a, i^Si/% — 
3^P8/2) appeared in fluorescence. Kondratjeff* 
showed (using Csl) that this process occurred 
without the aid of collisions ; and finally Hogness 
and Franck® determined the Doppler width of the 
fluorescent spectrum lines and found that it cor- 
responded to that calculated on the assumptkm 
that the excess of energy over that requirrf to 
dissociate the molecule and excite the sodium 

* is metastable and does not give rise to fluor- 
escence. 
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ttom appeared as kinetic energy of the separat- 
faig parts, From the diagram in Fig. 1 it is evi- 
dent that the time required for such a dissocia- 
tion corresponds to one half of a vibration of the 
molecule. Various methods of estimating the 
time of a vibration agree on a figure of the order 
of magnitude of sec. Under such circum- 
stances there is no appreciable amount of fluor- 
escence nor do the activated molecules take part 
in any collisions before they dissociate. The prob- 
lem for the photochemist with such a system is 
to determine the nature of the free radicals 
formed and what happens to them in the follow 
reactions. 

A third possibility for the behavior of the 
molecule after the absorption of light quantum 
which is intermediate to the two previously dis- 
cussed may be illustrated by referring again to 
Figure 1. Consider that by absorbing light the 
molecule has been transferred to a state repre- 
sented by a point on the curve b at which the 
total energy is less than that required for a dis- 
sociation into A and yet equal to or greater 
than that corresponding to the intersection of 
curves b and c. In such a system there exists a 
finite probability (subject to certain selection 
rules) that a transition to the state represented 
by curve c will occur with resultant dissociation 
into A and B. The time elapsing before this 
transition occurs may be as short as the time of 
a vibration, sec., or it may be so long that 
many of the molecules may return to a lower 
state with the emission of light before such a 
transfer has a chance to occur. If the dissocia- 
tion occurs in 10"^^ sec. or less the action of the 
light quantum may be represented by AB -f h v 
= A + B, regardless of the mechanism involved. 
If a longer time elapses then it is necessary to 
consider the effect of collisions on the probability 
of passing from curve b to r. The best example 
we have of an effect of this type is the so-called 
‘‘induced predissociation’' in iodine vapor. 

The absorption spectrum of iodine in the vis- 
ible portion of the spectrum consists of a series 
of bands extending from approximately 6000 A 
to a convergence limit at A = 4989.3 A and then 
a continuous absorption extending a little beyond 
4500 A. In terms of the potential energy diagram 
(Fig. 1) the bands correspond to transitions from 
a to points on b below the energy necessary for 
dissociation into A and B’*' (in this case 1 and !♦) 
and the continuum corresponds to transitions to 
points above this dissociation limit. The position 
of b with respect to a for the iodine molecule is 
such that the photoactivated molecules formed by 
absorption of light in the band region have suf- 
ficient energy to dissociate into normal iodine 
aUms. A possible means for such a dissociation 


to occur would be for the molecule to pass from 
the state represented by b to one of the type rep- 
resented by c. The probability of such a transfer 
occurring in iodine must be relatively low as a 
fluorescence corresponding to a life period of 
10*^ sec. for the active molecule is readily ob- 
served and furthermore the structure of the ab- 
sorption spectrum is perfectly sharp. ♦ 

Such a probability may be altered by collisions 
or by a magnetic field. The fluorescence of io- 
dine is quenched markedly by application of a 
magnetic field, a fact which may be explained by 
such a transfer. More conclusive evidence, how- 
ever, has been obtained by Turner^, who showed 
that iodine atoms were formed when iodine vapor 
absorbed light in the band region and the numl)er 
of atoms formed was increased by the addition of 
an inert gas. Similar conclusions were reached 
by Kondratjeff® on the basis of a study of the 
effect of inert gases on the absorption coefficient 
of iodine. 

If the light sensitive molecules are polyatomic 
the geometrical representation of the behavior of 
the molecules in terms of potential energy sur- 
faces becomes difficult but the fundamental prin- 
ciples remain the same. It may be said in gen- 
eral that if a molecule has acquired energy suffi- 
cient to break some bond there exists a definite 
probability of that bond being broken. This 
probability may be so small that the dissociation 
process is of no importance or it may be so high 
that a molecule is dissociated for every light 
quantum absorbed. In most photochemical reac- 
tions the energy absorbed is more than enough to 
break a l)ond so it is not surprising to find that 
the results obtained are often best explained by 
assuming atoms or free radicals as resulting from 
the action of the light. A few examples of gas- 
eous systems are known in which the photoacti- 
vated molecule is not disscxriated but is believed to 
transfer its energy in a collision to some other 
molecule which dissociates. The most thoroughly 
studied example of this type is the dissociation of 
hydrogen molecules by mercury in the 6^Pi or 
6*Po states.^® Even here it is possible that the 
dissociation is brought about by the reaction 
Hg* -f H 2 = HgH -f- H followed by the de- 
composition of HgH. However, Calvert^^ has 


♦ Conclusions concerning the life of an excited 
state based on the sharpness of the structure in 
the absorption spectrum depend on an application 
of the Heisenberg uncertainty principle. This 
principle may be put in the form AE X t as h, 
or replacing AE by Ahv and dividing by h, Av 
X T 1. If we assume that a line at approxi- 
mately 5000 A 0.1 A wide is classed as sharp, 
then the life of the excited state must be 
sec. or greater.*^ 
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carried out similar experiments in which the mer- 
cury was replaced by xenon and found that hy- 
drogen atoms were produced although intennedi- 
ate compounds must be considered rather im- 
probable. 

The decision as to the nature of the active 
state produced by the light absorption is often 
very difficult to make. In order to illustrate the 
methods employed let us consider briefly (1) 
some photochemical reactions of bromine in 
which the problem is solely whether dissociation 
occurs or not; (2) the decomposition of alde- 
hydes and ketones in which the products of the 
dissociation must be determined. The absorption 
spectrum of bromine is very similar to that of 
iodine, i.e. a series of l3ands converging to a limit 
at approximately A = 5000 A, and a continuous 
absorption extending to shorter wave lengths. 
From the spectrum alone we should conclude 
that in the continuum we liave dissociation and in 
the banded region formation of excited molecules. 
Chemical evidence in support of the dissociation 
in the continuum is obtained from the fact that 
the thermal and photochemical reactions between 
hydrogen and bromine can be explained most 
simply by assuming atomic bromine as an active 
intermediate.^^ On the other hand Jost^^ has 
found that this reaction proceeds just as readily 
with light absorbed in the bands as in the con- 
tinuum which leads to the conclusion that also un- 
der these conditions bromine atoms are formed. 
Similar results have l>ecn obtained by liooher and 
Rollefson’^ for the reaction between bromine and 
acetylene. Both of these reactions are too com- 
plicated to be suitable for some of the more 
simple tests concerning the primary step. For 
this purpose the reaction between platinum and 
bromine studied by Urmston and Badger^^ is far 
more suitable. They femnd no difference in the 
reaction whether blue (continuous absorption) or 
yellow (band absorption) light was UvSed. Fur- 
thermore they found that the rate of the yellow 
light reaction was indej)endent of the distance of 
the illuminating l)eam from the platinum surface 
while the molecules in the state to which they are 
directly excited are confined to the region of il- 
lumination (as was shown by photographs of the 
bromine fluorescence at low pressures). Experi- 
ments were also })erformed at such low pressures 
that collisions could play no part in bringing 
about dissociation. The conclusion we reach is 
that in the region of discontinuous absorption we 
have a competition between fluorescence and dis- 
sociation with the latter predominating and only 
the atoms are involved in any follow reactions. 

In dealing with the aldehydes and ketones we 
find that the absorption spectra for frequencies 
which are effective in producing decomposition 
show the diffuse structure characteristic of the 


predissociation process. It is to be noted that al- 
though absence of diffuse structure cannot be 
taken as proof tliat there is no dissociation, the 
presence of diffuseness is definite evidence (at 
least for .gaseous substances at moderate pres- 
sure) that a dissociation occurs within 10^^^ sec. 
or less and therefore must be considered as the 
primary result of the action of light on the mole- 
cule. For the aldehydes and ketones the problem 
is to decide how the molecules decompose. At 
the present time we are faced with such discrep- 
ancies in the experimental data that it is not pos- 
sible to claim a very definite proof for any par- 
ticular mechanism. If we write the generi for- 
mula for compounds of this type, R 1 R 2 CO where 
Ri and R^ are organic radicals in the ketones and 
Ra is considered as 11 if we liave aldehydes, it is 
generally agreed that the net result of the reac- 
tion is the formation of carbon monoxide and 
various hydrocarbons. There is considerable dis- 
agreement as to what hydrocarlx^ns are formed 
and in what amounts. Kirkbride and Norrish'® 
state that the reactions proceed 90 percent ac- 
cording to the equation RiRaCO -f hv = RjRa 
+ C( ). Later work by I-^ighton and Blacet^^ 
on the aldehydes indicates that the molecules 
RiCFlU decompose 80 percent or more to RiH 
and CO and 20 percent or less to Is, V 2 H 2 , 

and C<). The decomposilion of ketones has been 
studied by Norrish, Crane and Saltmarsh^**, by 
Damon and Daniels^*^, and by Pears()n^*\ There 
is some disagreement as to analysis of the prod- 
ucts but the results for unsymmetrical ketones 
as summarized by Pearson indicate the formation 
of carbon monoxide and apjiroximately equiva- 
lent amounts of the possible hydrocar]x)ns ; thus 
methyl ethyl ketone gives carbon monoxide and 
e(|uimolal amounts of ethane, propane and bu- 
tane. In view of the differences in the experi- 
mental results it is not surprising that differences 
exist concerning the mechani.sm of the decompo- 
sition. One of the principal questions raised was 
whether free radicals are formed in the decompo- 
sition of the pliotoactivated molecule. The most 
direct attack on this problem was made by Pear- 
son, who tested for the presence of free radicals 
with lead, antimony, and tellurium mirrors. He 
reported no free raclicals in the decomposition of 
the aldehydes but obtained definite tests for such 
radicals in the decomposition of acetone, methyl 
ethyl ketone, and diethyl ketone. His experiments 
do not give any information concerning the 
amounts of free radical formed but merely that 
such substances were present in the reaction mix- 
ture. The failure to obtain any positive tests 
with the aldehydes is not conclusive as the ex- 
perimental arrangement used was not especially 
suited to the detection of free radicals of short 
life. In the aldehydes we would be looking for 
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alky] radicals and atomic hydrogen, but if the 
rate of reaction between these is fast compared 
to the rate of reaction of one alkyl radical with 
another then it is possible that in Pearson's ex- 
periments all the free radicals had been destroyed 
before they reached the metallic mirrors. 

If we adopt one extreme view, namely, that 
free radicals are unimportant in the decomposi- 
tion then we should expect R1R2 and CO to be 
the sole products. On the other hand if we con- 
sider the formation of free radicals to be essen- 
tial then the products to be expected depend on 
the properties of the free radicals formed. As- 
suming that the ketone R3R2CO on photoactiva- 
tion breaks up into Ri, R2, and CO and also as- 
suming that the specific reaction rates for all al- 
kyl groups with similar or other groups are the 
same we should expect the resulting hydrocarbon 
mixture to be a composition corresponding to one 
mole of RiRi, one of R2R2, two of R1R2. Ac- 
cording to the latest experimental work the pro- 
portion of R1R2 is less than this so it becomes 
necessary to assume different reactivities. It is 
possible to accx)unt for the analyses obtained by 
Leighton and Placet in this way for if we have 
a mixture of R3 and H and the fastest reaction 
involving them is the formation of RiH that will 
be the principal product with minor quantities of 
(Ri) 2 and Ho. This is not necessarily the ex- 
planation for the predominance of RiH in the 
products as it is possible that the decomposition 
may proceed in part by w’ay of free radicals and 
in part by direct formation of RiH and CO.* 

A process of the latter type is most apt to oc- 
cur with the aldehyde as the high mobility of the 
hydrogen atom could permit it to wander to join 
the alkyl group as that separates from the car- 
boxyl group. On replacing the hydrogen atom 
with a less mobile alkyl group the probability of 
such a process occurring would diminish and it is 
quite likely that it may l:>e neglected entirely with 
most of the ketones. When more quantitative 
data are available concerning the reactions of free 
radicals it will be possible to give a more exact 
interj^retation of the behavior of the aldehydes 
and ketones. The preceding discussion has illus- 
trated how an analysis of the final products of a 
reaction may be used to cast light on the nature 
of the products formed as a result of the ‘V^e- 
dissociation" process. 

In a large numl)er of gaseous reactions the ac- 
tivating action of light is the production of atoms 
on free radicals. The behavior of such systems 
with regard to the rate law followed and the 
amount of reaction per quantum of light absorbed 

♦ If we accept Pearson^s statement that there are 
no free radicals formed in the ald^yde decomposi- 
tion, then the products should be only R^H and CO. 


is determined by the chemical properties of these 
radicals. If they are capable of reacting with 
other molecules with little or no energy of activa- 
tion we may have long reaction chains set up and 
we would observe a high value for the quantum 
y^eld, and the temperature coefficient of the reac- 
tion will be small. On the other hand if a high 
energy of activation is necessary for reaction with 
other molecules the radicals may react readily 
with each other either in the gas phase or at the 
walls of the reaction vessel. In such a system 
the reaction chains will be short, the quantum 
yield small (even less than one frequently), and 
the temperature coefficient relatively high. A 
detailed discussion of the properties of these radi- 
cals and the chain processes involving them will 
be left for the other papers. 

Let us turn to a consideration of some of the 
problems involved in the photochemistry of solu- 
tions. The principles are really the same as for 
gases but the application of these principles is 
much more complicated. In the first place the 
absoq^tion spectra never show any rotational 
structure as the perturbations due to the sur- 
rounding molecules are great enough to complete- 
ly blur any structure involving such small separ- 
ation.s. It is, therefore, impossible to draw any 
conclusions concerning the type of active mole- 
cule produced on the basis of the presence or ab- 
sence of such structure. A far greater difficulty 
is the uncertainty as to the nature of the absorb- 
ing molecule. If we are dealing with substances 
dissolved in very non-polar solvents such as car- 
bon tetrachloride or the saturated hydrocarbons 
it is not unreasonable to assume (unless definite 
experimental evidence to the contrary exists) 
that the molecules are the same as exist in the 
gaseous state at the same concentration and that 
the action of light is the same as it would be in 
the presence of an inert gas instead of a solvent. 
Thus iodine is probably the molecule 1 2 in such 
solvents and reacts to light essentially the same as 
in the gas phase as is shown by the similarity of 
the absorption curves. On the other hand, in 
polar solvents or in the ])resence of other solutes 
the situation is usually very much more compli- 
cated. The absorbing molecule is more or less 
solvated in such a solution ; this effect may be 
such that we can write a definite formula for the 
solvate or it may be a clustering of an indefinite 
number of solvent molecules around the solute 
molecule (as in the hydration of ions in aqueous 
solution) or both effects may be involved. If 
other solutes are present we may have complexes 
formed which wnll act as the light absorbers. In 
either case it may be necessary to modify the pic- 
ture of the action of light on the absorbing mole- 
cule from that which may be applied to the mole- 
cule in the gaseous state. 
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Very few solutions show any fluorescence. 
Among the inorganic compounds it is found only 
with the uranyl salts and some of the rare earths ; 
among organic compounds it is found only in 
those which contain certain “fluorophor'' groups 
(benzene ring and pyron ring are examples). 
The life period of the excited state has been de- 
termined for a number of the organic dye-stuffs 
by Gaviola and found to be of the order of 5 X 
10 "® sec. On the other Imnd uranyl salt solutions 
show the relatively long life of 10 ”^ sec. In all 
of these the excitation is thought of as being lo- 
cated in such a part of the molecule that it is 
^'protected’' from action by the solvent. Studies 
on fluorescein solutions indicate that under the 
most favorable conditions there is a quantum of 
fluorescent light for almost every quantum which 
has been absorbed ; in other words the solvent has 
practically no quenching action. If this picture is 
correct it necessarily follows that molecules in 
these states will be relatively insensitive to col- 
lisions with other solutes. The data available on 
the quenching action of various substances (espe- 
cially ions in aqueous solutions) show that only 
one of a hundred or more collisions has any ef- 
fect 

The chemical behavior of the molecule after 
the absorption of light involves the same possi- 
bilities in solution as in the gaseous state; the 
activated molecule may enter into a reaction with 
some other molecule or it may dissociate into 
radicals which will react with the other molecules 
present or with each other. In general it may be 
said that the same principles are to be used in 
analyzing the experimental results but the pro- 
cess is more difficult because of the complexity 
of the dissolved molecular species. As a particu- 
lar example let us consider the photodecomposi- 
tion of oxalic acid which is sensitized by uranyl 
salts. The nature of the light sensitive molecule 
in this reaction has been sadly neglected. Some 
people have assumed that only is in- 

volved, others that it is a complex involving 
and oxalate ion. Recent work at the 
University of California has shown that in solu- 
tions having a hydrogen ion concentration greater 
than 0.01 normal the results may be accounted 
for quantitatively by considering that the uranium 
is in the form of the ions U02'^'^, UOoCOH)^, 
and U02(HC204) All of these absorb light in 
the effective region of wave lengths but only that 
absorbed by the oxalate complex need be con- 
sidered to account for the observed decomposi- 
tion. As these solutions show fluorescence and 
the life period of the excited state is unusually 
long sec.) the excited U02HC204'*' ions 

formed by the absorption of light must be con- 
sidered as decomposing by a predissociation pro- 
cess. The products of this decomposition cannot 


be specified on the basis of the data availahfc; 
they may be carbon monoxide, carbon dioxide, 
and U020H“^ (or U 02 '^*^ and OH’~) or some 
intermediate stages may be involved.*^ 

The data on other reactions involving uranyl 
compounds are too incomplete to determine the 
active molecule but it is quite probable that all of 
them involve complexes similar to those above. 
West, Muller and Jette®^ and Pierce'^ have at* 
tempted to show that collisions of the second kind 
between uranyl and oxalate ions cause the de- 
composition of the oxalate. There are a number 
of objections to using such a theory. In the first 
place the results of West, Muller, and Jette show 
that the quantum yield rises as the oxalic acid 
concentration is increa.sed and reaches a limiting 
value at a fairly low concentration of the acid. 
If we consider the system as involving a compe- 
tition between fluorescence and reaction then the 
variation of the quantum yield with the oxalate 
concentration is given by y = 1 / 1 -f k/( oxal- 
ate). The results referred to approach the limit- 
ing value too fast to fit this law. A second ob- 
jection is that with a mechanism of this type we 
must either assume that all compounds of hexa- 
valent uranium which may be present react the 
same or we should find more complex curves 
than have been obtained. If complex formation 
is denied then we are left without any means of 
accounting for the experimental fact that the ab- 
sorption of light by solutions containing uranyl 
salts and oxalic acid is decidedly greater than 
that to be expected from the absorption shown 
by separate solutions of the uranyl salts and ox- 
alic acid. Since the oxalate complex will account 
for all the observed facts satisfactorily without 
the assumption of any specific effect due to colli- 
sions of the second kind and its existence must be 
granted in order to account for some of the facts 
it is undesirable to bring in any additional as- 
.suinptions such as the one discussed above unless 
it becomes al>solutely necessary. 

Biologists have been greatly interested in a 
large group of reactions which involve sensitiza- 
tion by certain dyestuffs, particularly those of the 
eosin family. In some of these the dyes bring 
about an oxidation process involving dissolved 
oxygen. Kautsky®® has assumed that the excited 
dye molecule puts the oxygen molecule into a 
higher state (Bonhoeffer and Harteck^^ suggest a 

* A possibility is that carbon dioxide is eliminated 
leaving tJ02HC02+ which may decompose spon- 
taneously or" with the aid of another light quantum. 
If the latter is the actual fact then this meohan- 
ism would aid in accounting for the low quantum 
yield (approximately 0 . 60 ). A fact which may be 
considered as favoring this mechanism is that for- 
mic acid has been reported as one of the products 
in solutions in which the reaction has proceeded 
fairly well to completion. 
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stote) which is more reactive than the normal 
state. Now there is not the slightest evidence 
that an oxygen molecule in any state which may 
be reached with aid of the energy available from 
the absorption of a quantum of visible light is any 
more reactive than the normal molecules, there- 
fore it is well to investigate other more chemical 
mechanisms. Blum and Spealman^® have pre- 
sented some evidence for the formation of per- 
oxides in irradiated solutions of eosin containing 
dissolved oxygen. The amount of peroxide found 
by them in some cases exceeded the amount of 
dye present so they concluded that hydrogen per- 
oxide was the substance formed. It is not pos- 
sible to draw any definite conclusions from their 
data concerning the mechanism of the formation 
of this peroxide but the fact that the concentra- 
tion of the dye, determined spectrophotometrical- 
ly, decreased as the peroxide content of the solu- 
tion increased would indicate that a peroxy com- 
pound of eosin was an intermediate. In order to 
have the peroxide concentration become greater 
than the orginal concentration of the eosin, it 
would be necessary to postulate a formation of 
the eosin peroxide followed by a splitting out of 
hydrogen peroxide with regeneration of the 
eosin or formation of some derivative of eosin 
which could form a peroxide. It would be par- 
ticularly interesting to determine whether any 
quantitative relationship exists between the 
amount of eosin in solution and the maximum 
amount of peroxide vdiich can be formed. This 
evidence would offer the possibility that the ac- 
tivated eosin molecule reacts with oxygen to form 
a peroxide which then reacts with some other 
substance. Such a mechanism is con.sistent with 
the general observation that peroxides react more 
rapidly than dissolved oxygen. 

In the discussion of the preceding paragraphs 
it is not intended to deny the possibility of colli- 
sions of the second kind in solution, but rather to 
point out that existing data certainly do not ex- 
clude other mechanisms. It is virtually impossi- 
ble to obtain positive proof that a given step in a 
mechanism involves only a transfer of energy and 
not a chemical reaction in the ordinary sense. 
Such a conclusion must rest upon the careful ex- 
clusion of the other processes, a fact which many 
people are prone to neglect. Progress in the field 
of the photochemistry of solution depends to a 
very marked degree upon the determination of 
the chemical nature of the substances in solution. 
We are not justified in assuming that a solution 
contains simple molecules of the substances used 
in making up that solution. The action of light in 
producing activated molecules or free radicals in 
solution follows exactly the same principles as for 
gaseous systems but the problems which we may 
classify as the chemistry of the system are far 


more complex in solutions than in gases and are 
those which must be solved in the future. 
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Discussion 

Dr, Leighton : With respect to the mode of 
decomposition of aldehydes and ketones, the work 
of Leermakers^ in demonstrating the existence of 
a chain photolysis in acetaldehyde at temperatures 
above 80 ° C., in which the rate is proportional to 
the square root of the absorbed light intensity, 
gives definite evidence that free radicals are pro- 
duced in the primary process of the aldehyde 
decomposition. In this regard, we have some un- 
published data on n-butyraldehyde which show a 
yield of hydrogen definitely increasing with de- 
creasing wavelength, from about \Jo H2 (with 

1 J. A. Leermakers, J. Am. Chem. Soc., 56, 1537 
(1984). 
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respect to the amount of CO formed) at A 3130 
to over 30% Ha at A 2537. This would appear 
difficult to explain without some hypothesis in- 
volving the production of free radicals. The sug- 
gestion of Norrish-, that the primary process in 
the aldehyde photolysis : 

RCHO ^ R + HCO 

is followed rapidly by a spontaneous decomposi- 
tion of the HCO radical into a hydrogen atom 
and a normal CO molecule, can he applied to ex- 
plain the increase in hydrogen at shorter wave- 
lengths if one assumes that as the wavelength 
is decreased a progressively larger number of the 
HCO groups become entirely separated from the 
alkyl radicals before they decompose into II •+■ 
CO or before a movement of the hydrogen from 
the carbonyl to the alk) 1 group can occur. This 
might be expected to follow from the greater 
kinetic energy which accompanies the di.‘5SOciation 
at shorter wavelengths. 

The complexity of the experimental results on 
the aldehyde and ketone photolyses would indi- 
cate a rather complex set of reactions, and the 
differences of opinion which Professor Kollef- 
son mentioned are probably due in part to a ten- 
dency to explain these processes in terms of some- 
what over-simplified mechanisnivS. 

I should like to raise the question as to how far 
the principle, that purely continuous absorption 
necessarily produces dissociation, can be applied 
to complex molecules. Norrish, Crone, and Salt- 
marsh^ have exjdained the low quantum }ield 
(0.4) in the continuous absorption region of ace- 
tone by the suggestion that absorption, even 
though in a purely continuous region, is followed 
in 60% of the cases by an internal rearrangement 
of the absorbed energy which prevents dissocia- 
tion. Low quantum yields for the two butyralde- 
hydes, the absorption bands of which show no 
perceptible structure and very little fluorescence, 
may be explained in the same way, but the lack 
of structure in absorption may be due in part at 
least to an overlapping of closely spaced tends. 

A more striking case is furnished by crotonal- 
dehyde, in which the characteristic carbonyl ab- 
sorption band rcseml)les that of the simpler alde- 
hydes in showing distinct fine structure on the 
long wavelength side, merging into continuous ab- 
sorption on the short wavelength side. 131acet 
and Roof have shown, however, that crotonalde- 
hyde differs sharply from the simpler aldehydes 
in that it cannot be perceptibly decomposed by 
absorption anywhere in the band. To explain 
this total lack of decomposition, in spite of the 

2R. G. W. Norrish, Trans, Far. Soc., 80, 108 (1934). 
« Norrish, Crone, and Saltmarsh, J. Chem. Soc., 
1084, 1463. 


continuous absorption, it appears necessary to 
assume either a complete internal rearrangement 
with no perceptible dissociation, or else that a 
100% efficient recombination process occurs. 

Dr. Rollefson : With reference to the change 
in the relative amounts of hydrogen produced as 
the wavelength is changed, we can arrive at a 
possible explanation if we consider that in a dia- 
gram such as that in Figure 1 we have two or 
more curves of the type c crossing one of the 
type b. If one of these curves represents a state 
which dissociates into free radicals (which may 
yield hydrogen) and the other a state which 
passes adiabatically into the hydrocarbon and car- 
bon monoxide, we will have a competition exist- 
ing between three processes, fluorescence and the 
two decomiX)sitions. Now the intersections of 
the two c type curves with b will usually not coin- 
cide and therefore the relative proLibilities of the 
transitions to what we may call ci and C 2 will de- 
pend on the point on the b curve which is reached 
by the excitation process. Therefore as the ex- 
citing wavelength is varied, the relative numbers 
of molecules transferring to the states represented 
by C\ and €•> will vary, resulting in large amounts 
of hydrogen being produced at some wavelengths 
and small amounts at others. 

Dr. Kistiakoxvsky \ I have some difficulty vis- 
ualising how the mechanism suggested hy Norrish 
for the deficient quantum yields can lead to dif- 
fuse spectra. After all, it does not matter what 
are the intermediate states. If the initial and the 
final states of the molecule are stable quantised 
levels, the absoqnioii s])cctrum should be discrete. 
It may appear that one should expect a discrete 
spectrum from thexsc molecules which do not de- 
comjx)se and diffuse spectrum from those which 
do. However, it seems to me, we are not justified 
in thus dividing the molecules. Rather, one 
should simply state that the probability of dis- 
sociation is, let us say for an imaginary case, 
equal to the probability of stabilisation. This will 
shorten the mean life by approximately a factor 
of two and thus should result in something like 
doubling the line width. vSo little broadening will 
ordinarily not be observable. To obtain sufficient 
broadening one would have to assume, just as in 
ordinary predissociation, that the probability of 
dissociation is much greater than the probability 
of stabilisation, but thus the entire advantage of 
this point of view would be lost. 

Dr. Kassel: I agree with Kistiakowsky. If 
the internal rearrangement leads to a stable 
state, the energy is sharply defined and the ab- 
sorjition line will be sharp. If the states before 
and after rearrangement have different energies, 
the rearrangement is impossible. If the second 
state can dissociate, and thus has an unsharp 
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energy overlapping the first state, rearrangement 
is again possible. I can not believe one gains any- 
thing by going from one sharply defined stable 
State through a continuum to another stable 
state. If the absorption process ends in a stable 
State of definite energy, the absorption line 
must be sharp. The uncertainty principle may 
obscure the conservation of energy, but it never 
violates it, as would be done if the transition 
from a state of energy Ei to one of energy E 2 
were produced by absorbing any frequency other 
than 

V = (E 2 -- EO/h. 

Dr, Noyes ; I have an attitude which is some- 
what pictorial, but after all the transition from 
one electronic state of the molecule to another 
involves change of a point on a complex surface 
to a point on another complex surface with a 
series of ridges and valleys and if one applies the 
Herzberg and Teller selection rules, vibrations 
excited in the upper electronic state will be sym- 
metrical vibrations, that is, there is only one 
which need be considered here, involving varia- 
tion in the angle between the carbon-carbon 
bonds. There will also be symmetrical carbon- 
hydrogen vibrations. When such a transition 
occurs some unsymmetrical vibrations may be 
excited because the selection rules may not be 
rigorously obeyed, and there may be a shift of 
the motion from one type to anotlier. In so do- 
ing the point ma) wander over a ridge onto a 
slope which results in dissociation. One may 
have at one time discrete abs(jri)tioii and at an- 
other time diffuse absorption. However, the prob- 
ability of dissociation will not be unity and one 
may have a quantum yield less than one in the 
primary process. 

Dr, Kistiakoivshy : Concerning the presence of 
underlying continuum in absorption sj)ectra of 
aldehydes and ketones, 1 cannot answer this 
question generally; but in the case of formalde- 
hyde, the whole spectrum of which wc have re- 
cently photogra])hed under very high disj)ersion, 
there is undoubtedly no continuum. What ap- 
pears as continuum, in photographs taken wdth 
moderate resolving ])ovver instruments, is in real- 
ity a number of very faint bands which have as 
much structure as the others. Incidentally, 1 may 
add, the spectrum of formaldehyde begins to be- 
come diffuse already above 36(X) A. although 
some evidence of rotational structure is obser- 
vable down to 2700 A. 

Dr, Brackett: The continuum would decrease 
at a higher rate than the line spectrum. The 
ratio would be as the square with increasing reso- 
lution. 


Dr, Noyes: I think the situation in acetone is 
complicated by the disagreements in experimental 
results. In regard to fluorescence, Norrish states 
that no fluorescence occurs l)elow 3000 A., and 
Daniels found fluorescence as far down as 2537 
A. Our observations, although without high 
precision (probably we had some stray radiation) 
showed fluorescence as far as 2537 A. 

Dr, Bonhoeffer: In connection with the ques- 
tion of photodecomposition of aldehydes I would 
like to direct the attention to experiments per- 
formed and communicated at the Bunsengesell- 
schaft 1935 by Patat and Sachsse who investigated 
whether the i)hotochemical decomposition of al- 
dehydes causes a transformation of parahydrogen 
in ordinary hydrogen if it is admixed to the alde- 
hyde. Since they found but a small transforma- 
tion, they concluded tliat the stationary concentra- 
tion of hydrogen atoms during the photochemical 
decomposition is low and that it is very improb- 
able that decomposition takes place by way of H- 
atom formation. 

With regard to the photo-oxidation of organic 
compounds I would like to ask Rollefson whether 
he knows of experiments which definitely show 
that oxygen in the state is not chemically ac- 
tivated. 1 think it would be gix)d to make experi- 
ments just to settle that question. But even if an 
activity were found, there would still remain our 
ignorance about the nietastahility of these states 
in solutions. The identification of the photoacti- 
vated state of oxygen assumed by Kautsky with 
^2 is not proposed by Harteck and me, but by 
Kautsky himself after a communication with 
Mecke. 

Dr, Rollefson : The experiments of Patat and 
Sachsse show that the concentration of hydrogen 
atoms in the photochemical decomposition of the 
aldehydes is low but tliat does not necessarily 
mean that hydrogen atoms are not formed in con- 
siderable numbers. For example, the photosyn- 
thesis of hydrogen chloride certainly involves 
hsdrogen atoms yet the concentration of these 
atoms under the conditions usually prevailing in 
the study of that reaction is too low to cause any 
delectable transformation of parahydrogen. The 
fact that Patat and Sachsse found some trans- 
formation could he taken as evidence that the 
amount of hydrogen found in these decomposi- 
tions may be attributed to the combination of the 
hydrogen atoms present. 

With regard to Bonhoeffer ’s second question, 
there is no evidence concerning the chemical ac- 
tivity of the ^2 state of oxygen. (See also the 
discussion following H. S. Taylor’s paper.) 
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It is now nearly fifty years since Arrhenius* 
first wrote his famous reaction rate equation 

k == (1) 

and called E the energy of activation. For the 
greater part of that time physical chemists con- 
sidered activated, molecules to be sharply differen- 
tiated individuals — enol forms of ketones and al- 
dehydes, alkylidene forms of olefines (R 2 C' — 
C'R 2 ), addition complexes, dissociated radicals, 
atoms or ions, in short, distinct chemical species. 
The modern tendency in reaction kinetics, al- 
though it does not deny the intervention of such 
more reactive chemical species in many reactions, 
focusses attention also on the behavior of the 
Arrhenius-activated form. It is then usually 
found that the reaction rate of this form is again 
represented at least approximately by an equation 
of the type (1) with a value of E considerably 
greater than zero. As an example we may con- 
sider the reaction between hydrogen and bromine, 
which has been studied in great detail both ther- 
mally and photochemically by a numl:)er of work- 
ers^. The photochemical reaction may be assigned 
the following mechanism with complete confi- 


dence. 

Bra + hv = 2Br (1) 

Br + Ha = HBr + H (2) 

H + Bra = HBr + Br (3) 

H + HBr = Ha + Br (4) 

2Br -f M = Bra + M (5) 


Br = % Bra on the wall (6) 

In the thermal reaction, (1), (5) and (6) are 
omitted and the concentration of bromine atoms 
is determined by the equilibrium constant 

(Br)V(Br 2 ) = K 

Except for this one change, the mechanism is the 
same as that for the photochemical reaction. In 
the Arrhenius sense, the process of activation is 

^ Published by permission of the Director, U. S. 

Bureau of Mines. Not subject to copyright, 
t Associate physical chemist, U. S. Bureau of Mines, 
Pittsburgh Experiment Station, Pittsburgh, Pa. 
Arrhenius. Z. phys. Chem., 4, 226 (1889). 
4Bodenstein and Lind, Z. physik. Chem., 57, 168 
(1906). Christiansen, Kongel. Danske Viden- 
skab. Selskab., Math.-fysi. Medd., 1, 14 (1919). 
Hensfeld, Z. Elektrochem., 25, 801 (1919). Pol- 
anyi, ibid., 26, 50 (1920). Bodenstein and Lut- 
kemeyer, Z. physik. Chem., 114, 208, (1924). 
Jest and Jung, Ibid., B3, 83 (1929). Jung, Ibid, 
B8, 95 (1929). Eitchie, Proc. Roy. Sac., A146, 
828 (1934). 


the dissociation of bromine molecules into atoms* 
It is found, however, that the rate constant for 
step (2) in this complex mechanism itself in- 
volves an activation energy of 17 kcal. At 
250*^C., where the rate of the thermal reaction 
is conveniently measureable, only one collision of 
Br and Ha in 10® results in reaction. The st^ 
(2) is known to be about 14 kcal. endothermic, 
but even when only collisions arc considered with 
sufficient energy to make reaction thermochemi- 
cally possible, it is seen that but one such collision 
in 50 is able to supply the additional activation 
energy needed. It is evidently unsatisfactory to 
identify the activated state with the bromine 
atom. 

When the term activated molecule is no longer 
applied to reactive chemical species of the Ar- 
rhenius type, however, the question immediately 
arises to what it shall be applied. This problem 
can best be approached by considering the group 
of unimolecular reactions. A simple example, 
with a mechanism at least temporarily free from 
controversy, is the decomposition of nitrous 
oxide* according to the chemical equation 

2N2O = 2 Na + O2 

At pressures of ten atmospheres or more and 
temperatures near 700°C. this is a reaction of the 
first order (that is, the rate is proportional to the 
pressure of nitrous oxide). It is generally ac- 
cepted that the primary reaction is 

NaO = Na + O 

followed by the rapid and for our present pur- 
poses less interesting step 

NoO + O = Na + O2 

From experimental results, the primary reaction 
has an energy of activation of 53 kcal. The ac- 
cepted theoretical interpretation of the meclianism 
of this reaction is that molecules of nitrous oxide 
which have a total vibrational energy in their 
four degrees of freedom of at least £© (where 
£0 is some characteristic quantity not greatly dif- 
ferent from 53 kcal./mole) can react spontan- 
eously in accordance with the equation 

NaO = Na + O. 

s Hinshelwood and Burk, Proc. Roy. Soc., A106, 284 
(1924). Volmer and Kummerow, Z. phym. 
Chem., B9, 141 (1930). Nagasako and Volmer, 
ibid., BIO, 414 (1930). Musgrave and Hinahel- 
wood, Proc. Roy. Soc., A135, 23 (1932). Volmer 
and Frdhlich, Z. phys. Chem., Bli9, 85, 89 (1982). 
Volmer and Bogdan, ibid., B21, 257 (1983). Vol- 
mer end Bricke, BSiSt 81 (1934). 
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This spontaneous reaction is thought to occur 
when the more or less continuous redistribution 
of vibrational energy among the different degrees 
of freedom results in the accumulation of at least 
the critical energy Eo in some one degree of 
freedom and the consequent rupture of the N-O 
bond. (It may be remarked in passing that the 
possibility of redistribution rests upon features 
of the internal potential energy function which 
make it impossible to assign with complete pre- 
cision any distribution of energy to separate 
degrees of freedom. The picture of the reaction 
process given here must not be examined micro- 
scopically, but it is correct in all major features). 
The probability that this critical accumulation of 
energy will take place obviously increases rapidly 
as the total vibrational energy increases beyond 
£o* These higher energy molecules are thus 
rapidly removed by reaction. At the same time 
they are being IxDth produced and destroyed by 
the redistribution of energy between two mole- 
cules at collision. These latter two processes if 
left to themselves would maintain an equilibrium 
concentration of the high energy molecules which 
can be calculated from the Maxwell -Boltzmann 
distribution law. Since the loss of high energy 
molecules by reaction constitutes an additional 
drain, the actual steady state concentration is less 
than the ecjuilibrium concentration. This defi- 
ciency is greater the higher the energy of the 
molecules in question, due to the rapid increase 
in reaction rate with energy. It is also greater 
the lower the pressure, since the number of colli- 
sions a molecule makes, and therefore its chance 
of obtaining high energy, is proportional to the 
pressure. At high enough pressures the collision 
process is able to maintain essentially the equilib- 
rium conccnti'ation of all molecules except those 
of extremely high energy, for which even the 
equilibrium concentration is very small. These 
very exceptional molecules make only a negligi- 
ble contribution to the total reaction, and there- 
fore at high enough pressures the reaction is 
first order. As the pressure is lowered, the 
steady state concentration of molecules in the 
important energy range falls at first gradually, 
then more and more rapidly, below the equilib- 
rium concentration, and the rate of reaction falls 
more and more below that predicted by extra- 
polation of the high pressure first order rate. 
When low enough pressures are reached almost 
every molecule which succeeds in obtaining the 
energy Eo is givert time to decompose before 
making another collision at which the energy 
‘ might be lost. The rate of the reaction will then 
be proportional to the number of collisions, and 
hence in this pressure range the reaction is 
second order. The experimental results, not only 
on nitrous oxide, but on a group of several dozen 


decompositions, agree in all their most prominent 
features with a relatively simple mathematical 
theory based on tliis mechanism of collisional 
activation and spontaneous decomposition.® In 
the theory an activated molecule is unambiguous- 
ly one with vibrational energy in excess of 
In reality, however, things are not quite this 
simple. Quantum mechanical calculations leased 
on a model with only two degrees of freedom have 
shown that, although the condition that a molecule 
be capable of decomposition is merely that it shall 
liave energy greater than £o, the specific rate of 
decomposition depends to a marked extent on the 
way the total energy is distributed between the 
two degrees of freedom.’'.,. There is no doubt that 
this dependence would be even more important 
for a model with more degrees of freedom. 
There is also experimental evidence on this point. 
The pressure at which a unimolecular reaction 
departs appreciably from first order determines 
the number of degrees of freedom in the model, 
subject to some uncertainty connected with the 
frequencies of the various vibrations. In some 
reactions the number of degrees of freedom in 
the model is about the total number possessed by 
the actual molecule; in a num!)er of other cases 
it seems to be very much less, but in no single 
case is the evidence perfectly satisfactory. It 
seems very probable, however, that some reactions 
actually are of this latter sort, and that the de- 
grees of freedom of the molecules involved are 
divided into two or more groups w^hich can ex- 
change energy with each other only very slowly®. 
A molecule with total energy £» may always react 
if given sufficient time, but at pressures not too 
greatly different from that at which the rate 
begins to fall away from first order, nearly all 
the reacting molecules will satisfy the more dras- 
tic condition of energy at least £o in some parti- 
cular group of degrees of freedom. This condi- 
tion provides a satisfactory definition for an 
activated molecule in unimolecular reactions. 

In the case of bimolecular reactions we en- 
counter more difficulty. It is known that the 
possibility of reaction at collision depends greatly 
upon the orientation, and it is probable that rela- 
tive kinetic energy is more important than either 
rotational or vibrational energy. There are cer- 
tainly some bimolecular reactions which involve 

e O, K, Rice and Ramsperger, J. Am. Chem. Soc., 
49, 1617 (1927); 50, 617 (1928). O. K. Rice. 
Proc, Nat. Acad. Science, 14, 114, 118 (1928). 
Kassel, J. Phys. Chem., 32, 225, 1065 (1928). 
For a general review, see Kassel, Kinetics of 
Homogeneous Gas Reactions, Chemical Catalog 
Company (New York) pp. 93-113. 

7 Rosen, J. Chem. Phys., I, 319 (1933). O. K. Rice, 
IbML, 1, 625 (1933). 

O. K. Rice, Z. phys. Chem., B7, 226 (1930). 
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a definitely activated molecule. An indubitable 
example is 

Hg'' + Ha = Hg + 2H (or possibly HgH + H) 

where Hg* is produced by absorption of the 
mercury resonance line. More in the line of 
speculation is 

HOa* + Ha = HaOa + H 
where HOa* has been formed by 
H + Oa = flO/ 

and thus possesses the heat of that reaction.^ 
"i'hese examples and others which might be given 
all have the characteristic that one partner in the 
reaction obtains high energy by a process which 
is not available to the other partner. In normal 
thermal reactions such a condition cannot be ful- 
filled and it can then be shown by simple cal- 
culations based on the Maxwell-Boltzmann dis- 
tribution law that except in very special cases 
only a small contribution to the total reaction 
rate is made by collisions involving one molecule 
of such high energy that it could react with any 
other molecule of correct chemical species with 
which it might collide^". In general, reaction is 
conditioned by the energy of both molecules and 
the activated state must involve both. 

It is possible in principle to define an activated 
pair of molecules in terms of their individual 
properties before the collision. Such a definition 
is not totall> fruitless, but for our present pur- 
poses it proves of little value. It is more helpful 
here to give up the concept of activation as a 
condition with any duration in time. The situa- 
tion is simplest for those reactions which involve 
no change of spin-multiplicity and w^hich satisfy 
the other conditions of the Eyring-Polaiiyi 
theory^^. The quantitative validity of certain 
approximations customarily made in using this 
theory is debatable, but there is no reasonable 
doubt that the qualitative description of the re- 
action process is correct. All possible relevant 
states of both reactants and products may be 
represented by a generalized single-valued con- 
tour map in which total potential energy is 

9 Kassel and Storch, J. Am. Cbem. Soc., 57, 672 

(1935). 

10 R. H. Powler, Statistical Mechanics, Cambridge 

University Press, p. 460. Kassel, Phys. Rev., 
35, 261 (1930); Kinetics of Homogeneous Gas 
Reactions, pp. 62-68. 

Eyring and Polanyi, Z. pbys. Cbem., B12, 279 
(1931). Eyring, J. Am. Cbem. Soc., 53, 2537 
(1931). Pelzer and Wigner, Z. pbys. Cbem., 
B15, 445 (1932). Wigner, Ibid., B19, 203 (1932). 
Ekstein and Polanyi, ibid., B15, 334 (1932). 
Sherman and Sun, J. Am. Cbem. Soc., 56, 1096 
(1934). Eyring, J. Cbem. Pbys., 3, 107 (1935). 
Kassel, ibid., July (1935). 


plotted against the coordinates. The state of the 
system is represented by a point on the map, and 
the process of reaction by the motion of this 
point over a pass or saddle-point. When the 
system is in the state represented by this saddle- 
point, the bonds which break in the reaction have 
been loosened, and the new bonds partially form- 
ed. The height of the pass is the critical encr^ 
which is necessary for reaction to occur, and is 
not greatly different from the statistically de- 
fined energy of activation. Molecular collisions 
which will lead to reaction are described by a 
variety of parameters, but from whatever point 
on the map they originate, they cross the pass 
not far from its lowest point. It is thus not 
unreasonable to consider the activated state to be 
merely the ridge perpendicular to the pass. This 
concept has some resemblance to the older, less 
precise idea of the activated complex which has 
played a prominent role in the theory of reactions 
in solution. It must be kept in mind, however, 
that this activated state is a configuration through 
which the reacting system passes, rather than a 
condition in which it exists. The failure to 
realize this distinction is a serious flaw in many 
attempted thermodynamic treatments of the acti- 
vated complex. 

When the spin-multiplicity changes during the 
reaction, conditions are more complicated. 'J'herc 
will then be two superimposed potential energy 
surfaces crossing each other, one for each multi- 
plicity. 1"he system must make a transition from 
one to the otlier in order to react; this transition 
is made most easily along the intersection of the 
two surfaces. In some cases this intersection 
may play a role not too different from the ridge 
perpendicular to the pass in the preceding case, 
but in others there ma\' also be a pass to be sur- 
mounted. Even in the most favorable cases there 
is a transition probability of the order of lO""* 
for the change in multiplicity. 

It is important to realize that we are permitted 
considerable freedom in defining the activated 
state. This freedom stands in sharp contrast to 
the situation regarding activation energies. There 
are just two energies which are of interest, one 
the minimum energy necessary for reaction, the 
other the excess of the average energy of the 
reacting molecules over the average energy of all 
molecules. There has been some confusion of 
nomenclature, but it seems desirable to call the 
former the critical energy, the latter the energy 
of acti\^tion, since it is the experimentally de- 
termined E in equation (1). We may, on the 
other hand, select any state of kinetic interest to 
call the activated state. At the present time this 
interest seems to the author to dictate the defini- 
tions that have been given here. 
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Discussion 

Dr, Noyes: How much do you expect the 
energy of activation changes with the tempera- 
ture? 

Dr. Kassel: It is inconvenient to have it 
change very much with the temperature. Dr. O. 
K. Rice at one time had a theory according to 
which the energy of activation clianged consider- 
ably, which he arrived at by combining classical 
and quantum theory elements in a way that he 
later abandoned for other reasons. A change of 
a few calories per degree — of the order of speci- 
fic heats — is tolerable, but, at least in gas reac- 
tions, our present theories cannot account for 
more than that. 

Dr. Rollcfson : It seems to me tliat gas reac- 
tions have very little chance of having large vari- 
ations in the heat of activation. Smiie idea of the 
effect may be obtained by considering a simple 
reversible reaction. The heat of the reaction is 
equal to the difference l)etween the lieats of ac- 
tivation, and we know that the change in the heat 
of reaction with temi^erature depends on the dif- 
ference hetweeti the specific heats of the products 
and reactants, which is a very small change for 
gases. If the change in the heat of reaction is 
small, it is probable that the changes in the heats 
of activation will he small, in solutions the 
change of the lieat of reaction with temperature 
involves partial niolal heal capacities which often 
vary in such a way as to introduce large differ- 
ences between the licat capacities of the reactants 
and products. Under such circumstances it would 
not be surprising to find fairly large changes in 
the heats of activation for the reactions involved. 

Dr. Mestre: JIow far can the concept of the 
distribution of vibrational energy through the 
practically unlimited number of degrees of free- 
dom of such very large molecules as proteins he 
carried ? 

Dr. Kassel: I think you can carry it to mole- 
cules as large as you please. 'Fhe thing one wants 
to remember, though, is that when you get very 
big molecules, the posses.siou of a large energy in 
them does not necessaril\ produce any immediate 
result. Any large molecule containing several 
hundred atoms is, even at room temperature, fre- 
quently going to possess at least the encrg>' of ac- 
tivation, and thus I>e capable of reaction. Unless 
the large molecule, however, has considerable en- 
ergy in excess of this minimum requirement the 
reaction will be quite slow because when there are 
many degrees of freedom it is very unlikely that 
all tile energy will accumulate in some single 
one. 


Dr. Kistiakowsky: Is not this partly responsi- 
ble for the relatively great instability of, let us 
say, protein molecules which contain essentially 
the same bonds as are present in small molecules 
but which decompose on heating to 50® or 80^^ 
C. ? With small molecules heating to 200° to 
300® leaves them unchanged. 

Dr. Kassel: On the basis of the theories I 
liave discussed it is quite possible that the larger 
number of degrees of freedom of complex mole- 
cules is partially responsible for their instability. 
The magnitude of the effect, however, is greater 
than can he accounted for on this basis alone. 

Dr. Mestre: In the thermal denaturation of 
proteins values of E of the order of magnitude of 
85 k. cal. are encountered, coupled with reaction 
rates wdiich may be extremely high at tempera- 
tures as low as 65° C. A similar condition exists 
in the case of the swelling of complex carbohy- 
drates, such as starch, in the presence of hot 
water. On the Ixisis of Dr. Kassel’s remarks 
above, some further explanation would seem 
necessary to account for these high reaction rates 
in large mcjlecules at relatively low temperatures. 

Dr. Kassel: 1 think that if any reaction, for 
example the denaturation of proteins, has an ac- 
tivation energy of 85 k. cal. and yet is able to 
take place rapidly at 60®-70° C., it cannot very 
well he a simple reaction. The rate of a simple 
unimolecular reaction cannot I)e much greater 
than 10^® sec""^, and this will not permit a 

rapid reaction at 60° C. if E is much greater than 
30 k. cal. For himolecular reactions the limit is 
nearly the same, being possil)ly a little lower. 
Some years ago I proposed a rather general com- 
plex mechanism to account for a similar difficulty 
in the dehydration of CaC03*6H20 (J. Am. 
Chem. Soc,, 51. 1136, 1929). The essential fea- 
ture of this mechanism is a series of intermedi- 
ates between the initial and final states : 

I;;=±A^B?±C;=±...-»F 

If all the intermediate reactions are reversible, 
and if the temperature coefficients of the for- 
ward steps are considerably larger than those of 
the reverse steps, the over-all temj^erature coeffi- 
cient may be very much larger than that of any 
single step* I would l>e inclined to suggest a com- 
plex mechanism for any reaction, whether or not 
it involves biological materials, which has a high 
activation energy and a high rate at moderate 
temperatures. 1 would regard the type of com- 
plexity given above as an example to demonstrate 
that such a mechanism is possible, but I would 
not assume without other evidence that the ac- 
tual complex mechanism w^as necessarily of that 
sort. 
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The concept of reaction chains seems to have 
been introduced into chemical kinetics by Boden- 
stein^ who used it to explain the photochemical 
hydrogen-chlorine reaction. The entire subject 
has recently been reviewed exhaustively by Seme- 
noff*'^. 

For the purposes of this paper we will define 
a photochemical chain reaction as one in which 
the final product is not formed in the primary 
step. This definition may be considered by many 
workers as too broad, for nearly all (if not all) 
photochemical reactions would l>e included within 
its scope. It may be defended, however, on the 
ground of expediency for any definition based on 
quantum yield would necessarily exclude from 
consideration many reactions of the chain type 
for some step of which the constant for the re- 
verse reaction happens to be greater than that for 
the forward reaction. 

Thus we include as chain reactions such a re- 
action as that of ozone formation in which the 
primary process probably is the dissociation of 
molecular oxygen (O 2 ) followed by the combina- 
tion of each oxygen atom with an oxygen mole- 
cule^, as well as the hydrogen-chlorine reaction. 
The former reaction in which two molecules of 
ozone are formed per absorbed quantum is gen- 
erally considered to be one which obeys the Ein- 
stein Law of Photochemical Equivalence while 
the latter in which as many as 10^ molecules of 
hydrogen chloride may be produced per absorbed 
quantum, is not. In neither case, however, is the 
final product of the reaction formed directly upon 
absoqHion of a quantum. 

The primary process is to be discussed else- 
where in this symposium. To summarize briefly, 
primary j)roces.ses may be divided into two cate- 
gories: 1) The production of activated molecules. 
The fates of these activated molecules may, in 
turn, be of several t>pes: a) they may lose their 
energy as radiation, resulting in fluorescence; b) 
they may dissociate into atoms or free radicals 
upon collision with other molecules; c) they may 
lose their energy (be deactivated) by collision 
without either dissociating or producing a new 
type of molecule; d) they may rearrange either 
through the agency of collisions or s}K)ntaneously, 

iBodenstein, M., Z. phys. Chem., 85, 329 (1913). 
2Chemic^ Kinetics and Chain ReactionB by N. 
Semenofl, The Oxford University Press, New 
York, 1935. Reviewed by G. B. Klstiakowsky in 
J. Am. Chem. Soc., 57, 963 (1935). 

3 Warburg, O., Sitzb. Akad. Wise. Wien, 1912, 216; 
1914, 872; Vaughan, W. E. and Noyes, W. A., 
Jr., J. Am. Chem. Soc., 52, 559 (1930). 


thereby producing the final product. Ont defi- 
nition of a chain reaction would exclude from 
consideration anything which would result frOTi 
c) and in general also from a) and d). 2) Dis^ 
sociation into atoms or free radicals. Dissocia- 
tion results either from absorption in a continuum 
or by the process of predissociation^. When such 
atoms or free radicals are produced subsequent 
reactions occur resulting, by definition, in a chain. 

The above definition of chain reactions would 
include automatically all sensitized reactions in 
which one molecule absorbs and transfers energy 
by collision of the second kind to another mole- 
cule resulting in its activation. We shall limit 
the field, however, to those reactions involving 
chains following this secondary activation. 

The chain reaction is necessarily governed by 
the laws of kinetics and, of course, of thermo- 
dynamics. Thus a long chain (one in which 
many molecules react per quantum absorbed) can 
only take place if the overall reaction involves a 
decrease in free energy. The converse of this 
statement is by no means true for all photochem- 
ical reactions taking place with a large decrease 
in free energy do not involve long chains. 

The decision as to whether a given reaction is 
of the chain type is frequently diflFicult. By the 
definition given above if more than one molecule 
(either of the light absorbing substance or of 
more than one substance entering into the reac- 
tion) disappears per quantum absorbed we are 
confnmted with a chain. However if the quan- 
tum yield is unity or less the reaction may still 
be of the chain type. There are several tests 
which one may apply in this case. 

1) If the quantum yield varies with light in- 
tensity, while the concentrations of the reactants 
are maintained constant, a chain is necessarily in- 
volved. Such a variation is usually explained by 
the recombination of free radicals or atoms and 
the yield usually (probably always) decreases as 
the intensity increases. Lack of variation of yield 
with intensity is not, however, a guarantee of the 
absence of chains. 

2) If the quantum yield varies markedly with 
pressure or concentration the reaction is usually 
of the chain type. Here again one must take 
account of the effect of concentration on the op- 
tical absorption, since pressure eflFects may lead 
to a broadening of the absorption lines. It is pos- 
sible also that at high pressures where deactiva- 

4 Henri, V. and Teves, M. C., Nature, 114, 894 
(1924): Comptes rendus, 179, 1156 (1924). 



Chain Reactions in Photochemistry 


33 


lion may follow activation very quicklly, the 
fype of reaction may be different from that at 
low pressures. 

3) A reaction whose quantum yield varies little 
or not at all with temperature may not be of the 
chain type. However such a variation with tem- 
perature is not proof of the existence of chains 
since absorption may be occurring from higher 
vibration levels of the ground state with a re- 
sulting higher probability of reaction. 

4) For many chain reactions the walls and vari- 
ous impurities determine the length and nature 
of the chains. If variations due to these causes 
are found, little doubt can exist as to the chain 
character of the reaction. 

While none of the foregoing tests of the exis- 
tence of a chain mechanism with the possible ex- 
ception of the fourth are conclusive, frequently 
one may arrive at a fairly definite conclusion by 
a combination of methods. Hiere are several 
types of experiment which indicate definitely that 
chains exist if the results are positive, but here 
^^in lack of a positive result may not prove the 
absence of chains. We may list a few of the 
methods, all of which have as their object the 
proof that free atoms or free radicals exist in the 
reacting mixture. 

1 ) Attempts have been made to prove the exis- 
tence of free atoms or radicals by obtaining their 
characteristic absorption spectra. So far as we 
are aware no definitely positive result has ever 
been obtained by this method since during photo- 
chemical reaction the concentrations of such in- 
termediates must be exceedingly low. 

2) In certain types of photochemical reaction 
fluorescence due to intermediate groups is some- 
times observed. In the photochemical dissocia- 
tion of salt vapors, for example, the characteristic 
spectrum of the .positive constituent is frequently 
observed. 

3) Most free radicals and many free atoms 
possess net electron spins which make them para- 
magnetic. This type of compound has the prop- 
erty of causing the ortho-para hydrogen conver- 
sion to take place. The presence of free radicals 
in several photochemical reactions has been indi- 
cated by this method®. 

4) Many organic free radicals have the proper- 
ty of removing lead or other metallic mirrors 
with the production of metallo-alkyl compounds. 
This method has been successfully applied to sev- 
eral photochemical reactions®. 

5 See the abstract of a paper presented by W. West 
before the Division of Physical and Inorganic 
Chemistry at the New York meeting of the 
American Chemical Society on Tuesday, April 
23, 1935. 

sSee for example T. G. Pearson, J. Chem. Soc., 
lOSA 1718. 


5) Since free atoms and radicals are lighter 
than the parent molecules from which they came, 
their presence may sometimes be indicated by an 
increased thermal conductivity of the gas mixture 
in which they are formed. This method has been 
used successfully to show the presence of hydro- 
gen atoms in a mixture of hydrogen and mercury 
vapor illuminated by the resonance line of mer- 
cury^. 

6) Occasionally the presence of free groups 
may be made evident by purely chemical means. 
Thus molybdenum trioxide is reduced to a blue 
oxide either by hydrogen or oxygen atoms®. 

Once the decision has been made as to whether 
a given reaction is of the chain type, the postula- 
tion of a mechanism and the derivation of a rate 
equation, together with the testing of this equa- 
tion constitute the next important steps in the 
understanding of a photochemical reaction. We 
will consider first reactions at constant tempera- 
ture, leaving for a later section the effect of this 
variable. 

Several different methods of propagating pho- 
tochemical reaction chains have been suggested or 
occur to mind. 

1) The orginal suggestion made by Bodenstein^ 
was to the effect that the chain carriers in the 
hydrogen-chlorine reaction were electrons. Sub- 
sequent work by Bodenstein® and others indicated 
that the chains must be propagated by other 
means. There seems to be no clear-cut Cfise on 
record in which chains are continued by cliarged 
particles, although they may be initiated in this 
way^*\ 

2) At various times the suggestion has been 
made that chains are propagated by activated 
molecules®, so-called energy chains. Frequently 
mechanisms of this type lead to rate equations in 
satisfactory agreement with experiment, but in 
most, if not all, cases other explanations are more 
plausible. There is nothing inherently absurd in 
the idea of energy chains, although activated 
molecules have relatively short lives and in addi- 
tion would not be expected to survive many colli- 
sions. There seem to be few if any cases on rec- 
ord in which energy chains provide a really sat- 

TSenfUeben, Z. Phys., 32, 922 (1925). 

8 Phipps, T. E. and Taylor, J. B., Phys. Rev., 29, 
309 (1927); for an attempted application to 
photochemistry see Mahncke, H. E. and Noyes, 
W. A., Jr., J. Am. Chem. Soc., 51, 456 (1935). 
oBodenstein, M., Z. Elektrochem., 22, 53 (1916). 

10 See Moore, H. R. and Noyes, W. A., Jr., J. Am. 
Chem. Soc,. 46, 1367 (1924); Noyes, W, A., Jr., 
Trans. Faraday Soc., 21, 569 (1926); Pierce, W. 
C. and Noyes, W. A., Jr.. J. Am. Chem. Soc., 
50, 2179 (1928). 
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isfactory explatiation of the kinetics of a photo- 
chemical reaction^^“, 

3) There is a possibility that fluorescence or 
chemiluminescence would propagate a chain, pro- 
viding the fluorescent radiation is absorbed by the 
reacting molecules. The phenomenon of ‘‘im- 
prisonment'’ of radiation is important in experi- 
ments involving excited mercury^^ but does not 
play an important role in other photochemical 
reactions. 

4) Practically all chain reactions are propa- 
gated by free atoms or radicals. 1'hcsc free 
groups react with normal atoms or molecules pro- 
ducing in turn other free groups and so on until 
a free group is removed by some process. 

Since the only method of propagating chains 
which we need consider seriously is that given 
under 4) above, we must next pay .some attention 
to the methods by which the chains may i)e 
stopped. As already stated unless each step in 
the chain has an appreciable probability of taking 
place (in general this means being exothermic as 
well as having a low energy of activation) the 
average chain length will not be long. The chains 
may be stopped by several different methods. 

1) Homogeneous recombination of free radi- 
cals. In the gas phase, for olwious reasons, such 
a recombination can usually take place only in the 
presence of a third body which permits the ener- 
gy of combination to be dissipated. In a few 
cases this energy may be lost by radiation, but no 
clear-cut cases of this seem to be on record. In 
this chain stopping step the rate will be propor- 
tional to the product of the concentrations of the 
two bodies taking part as well as to the concen- 
tration of molecules which may play the role of 
third bodies. The latter concentration may tisu- 
ally be considered as constant. 

In solution the solvent molecules are so numer- 
ous that no difficulty is experienced in providing 
enough three body collisions. However, relatively 
little is understood of the mechanisms of photo- 
chemical reactions in solution and the application 
of kinetic theory to such reactions is in a rudi- 
mentary stage. 

2) Removal of atoms or free radicals by the 
walls. This process is undoubtedly important in 
gas reactions at low pressures, but is less apt to 
be so at moderate or high pressures unless the 

lOa See Heidt, L. J. and Forbes, G. S., J. Am. Chem. 
Soc., 56, 2363 (1934) who state that energy 
chains must be important in photochemical 
ozone decomposition. 

11 The theory has been discussed by Milne, E. A., J, 
London Math. Soc., 1, 1 (1926). See A. C. G. 
Mitchell and M. W. Zemansky, Resonance Ra- 
diation and Excited Atoms, The Cambridge 
University Press, Chapter IV, 1934 for a com- 
plete discussion. 


chains are long. The first step is presumably 
adsorption of the free group on the wall follow^ 
by its combination on the wall with another fttt 
group. In the derivation of rate equations it is 
generally assumed that the first step is slow com- 
pared to the second and that the rate of removal 
is proportional merely to the first power of the 
concentration of the free group involved. It may 
be pointed out, however, that this is not necessar- 
ily true and that erroneous conclusions as regards 
meclianism may lie arrived at by making this as- 
sumption. The nature of the wall surface is of 
importance in thermal chain reactions^^ and 
would doubtless be important also in photochem- 
ical chain reactions. 

3) Removal of atoms or free radicals by reac- 
tion with some added substance or with some im- 
purity. If the concentration of the foreign sub- 
stance remains approximately constant during the 
reaction, the rate of removal of the free group 
may be taken as proportional to its concentration. 
Otherwise an apparently complex reaction mech- 
anism may result. The importance of oxygen as 
an inhibitor in the hydrogen-chlorine reaction has 
been known since very early studies on this sys- 
tem. Presumably its main effect is in removing 
hydrogen atoms so that the rate of the chain stop- 
ping step would l>e proportional to the first power 
of the concentration of hydrogen atoms and to 
the pressure of the oxygen. However, other fac- 
tors enter the picture in this reaction and prob- 
ably silicon compounds may also he effective in 
stopping the chains^®. In long chain reactions it 
is frequently a matter of sonic difficulty to as- 
certain just what tlie chain breaking mechanism 
really is. 

The decision as to which mechanisms are re- 
sponsible for propagating and for breaking chains 
must be based on several different factors, but a 
study of the kinetics of the reaction alone rarely 
suffices to give an unambiguous answer to these 
questions. A knowledge of the behavior of the 
various intermediate free atoms and radicals 
would be of immense help in determining an 
over-all mechanism. Thus it is known that either 
hydrogen atoms^* or chlorine atoms^® will initiate 
chains in the hydrogen-chlorine reaction. While 
this by no means proves the correctness of the 
Nernst chain mechanism, it does make two of the 
steps in that mechanism plausible. 

12 Cf. Pease, R. N„ J. Am. Chem. Soc., 62, 6106 

(1930). 

13 Bodenstein, M. and Unger W., Z. phys. Chem., 

IIB, 253 (1931). 

14 Taylor, H. S. and Marshall, A. L., Nature, 1.12, 

937 (1923) ; Marshall, A, L., J. Phys. Chem,, 

842 (1925). 

15 Rodebush. W. H. and Klingelhoefer, W. C., Jr., J. 

Am. Chem. Soc., 55, 130 (1938). 
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In some few cases the heats of reaction of free 
groups with various molecules may be estimated. 
For such simple steps as those in the Nernst 
mechanism for the hydrogen-chlorine reaction the 
data are sufficiently accurate and unambiguous to 
pennit the calculation to be made with high pre- 
cision for each step. Reactions which are de- 
cidedly endothermic would take place to a very 
small extent, but steps which are slightly endo- 
thermic or exothermic need not take place rapidly 
even if the heat evolved is quite large. The really 
important quantity in this connection is not 
the heat of reaction but the energy of activation. 
Another factor, sometimes called the “steric'’ fac- 
tor is probably also of importance, although the 
order of magnitude of this factor does not seem 
to change much from one reaction to another in 
simple reactions. Some progress has been made 
in recent years in estimating the energies of ac- 
tivation for individual steps, but in most cases the 
results are little better than guesses. It is pos- 
sible, however, to estimate the relative magni- 
tudes of energies of activation for certain simple 
reactions^*. 

In the absence of specific information concern- 
ing each step one must rely on common sense to 
derive rate expressions. It must alw’ays be kept 
in mind, however, that agreement of a given rate 
expression with the data l)y no means proves that 
the mechanism upon which the equation is based 
is correct. 

We will next examine the methods of deriving 
rate expressions and point out some of the ditTi- 
culties in applying them rigorously to chain re- 
actions. 

It is nearly alw’ays assumed in deriving rate 
expressions that one is dealing with the steady 
state. That is the rate of formation of each in- 
termediate free radical or atom is set equal to its 
rate of disappearance. Only with this assump- 
tion is it possible without a great deal of labor to 
eliminate the concentrations of these intermedi- 
ates from the final rate expression. 

As regards free atoms and free radicals the 
assumption of the steady state would seem to 1)e, 
in general, justified. The life times of such 
groups do not exceed 10'^ or 10“^ second under 
ordinary conditions and frequently seem to be 
much less. Unless the rate of the over-all reac- 
tion is very high, due either to high light intensity 
or to very long chains, the rates of disappearance 
of these intermediates must rapidly become equal 
to their rates of formation. In some cases it is 
wise to examine the question more closely, how- 

i«Eyring, H.. Naturwiasensch., 18, 914 (1930); Eyr- 
Ing, H. and Polanyi, M., Z. phys. Chem., 12B, 
279 (1931). Also a series of papers during the 
past three years by Eyring and his coworkers 
in J. Am. Chem. Soc. and J. Chem. Phys. 


ever. I f the rates of individual steps are known, 
one can form an estimate of the time necessary 
to arrive at a steady state. Otherwise one can 
sometimes ascertain from the shape of the vari- 
ous concentration-time curves whether the as- 
sumption of a steady state is justified. Induction 
periods are sometimes encountered in photochem- 
ical reactions. In general these may be ascribed 
to two causes: 1) The building up at the begin- 
ning of the reaction of some intermediate com- 
pound whose rate of disappearance is relatively 
slow. We will return to this point later, but we 
may mention in passing that this case is probably 
not unusual in complex reactions and it is often 
difificult to arrive at any theoretical treatment in 
such cases. 2) The presence of impurities. 
Sometimes these impurities are removed by reac- 
tion during the early stages, the full rate not 
l)eing attained until after such removal is com- 
plete. Thus oxygen strongly inhibits the addi- 
tion of chlorine to tetrachloroethylene^’’^, a sensi- 
tized oxidation taking place until the oxygen has 
disappeared, following which the normal reaction 
occurs. In this case the oxidation is proportional 
to the light intensity, whereas the addition reac- 
tion has a rate proportional to the square root of 
this quantity. It seems probable that nearly all 
cases of true induction periods may be explained 
in this way. If the rate of a photochemical re- 
action starts out from zero time and follows a 
smooth curve without inflection points or irregu- 
larities one is reasonably safe in assuming a 
steady state as regards intermediate free radicals 
and atoms. 

Let us consider a hypothetical reaction and de- 
termine the difference in beliavior to be expected 
on the one hand if a steady state is rapidly 
reached, and on the other hand if it is not. In 
what follows we will use a somewhat unusual, 
but convenient, method of expressing the intens- 
ity of the radiation absorbed. By L we will de- 
note the number of quanta absoil^ed per cubic 
centimeter per second. This quantity will be pro- 
portional to the intensity incident upon the vessel 
only if the concentration (and temperature) of 
the absorbing material remains constant, and it 
will vary from point to point in the light [>ath 
even if the radiation is strictly parallel. Assume 


the following series of reactions 

As -f hv = 2A (1) 

A 4- B 2 = ABs (2) 

ABa = AB -f B (3) 

B + M = removed (4) 


17 Leermakers, J. A. and Dickinson, R. G., J. Am. 
Chem. Soc., 54, 4648 (1932); Dickinson, R. G. 
and l4eermakers, J. A., ibid., 54, 3852 (1932); 
Dickinson, R. G. and Carrico, J. L., ibid., 56, 
1478 (1934). 
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The fourth step is introduced in this way to avoid 
a square root of the light intensity. M may rep- 
resent the walls or a foreign molecule whose con- 
centration is supposed to remain constant during 
the course of the reaction. Let the volume of the 
reaction vessel be V, the area of the light beam 
be A and the length of the absorbing column L 
Now for the sake of simplicity we will assume a 
low absorption coefficient for A 2 , so that in the 
path of the light beam the number of quanta ab- 
sorbed per cubic centimeter is constant. If the 
photochemical reaction is slow compared to dif- 
fusion processes, so that the concentrations of all 
molecules except the intermediates may be con- 
sidered to be uniform, we may set up the follow- 
ing equations : 

Twice the number of molecules of A 2 dissociat- 
ing per second = the rate of production of A 
atoms 2 la A / (5) 

The number of molecules of AB 2 formed per 
second (assumed to be in the light path only) 

= k2 A / Ca Cb2 (6) 

where Ca and Cb 2 are the numbers of mole- 
cules of A and B 2 respectively per cubic centi- 
meter in the light path. 

The number of molecules of AB formed per sec- 
ond = ks A / Cab 2 (7) 

assuming that the intermediate AB 2 does not 
have time to diffuse out of the light path. 

The rate of removal of B atoms will be (making 
the same assumption) = k 4 A / Cb Cm (8) 

If the steady state is now assumed for all inter- 
mediates, we obtain the following equations: 

2 la A / = ko A ^ Ca Cug I 

Ca = 2 Ia/k2 Cb 2 (9) 

k2 A / Ca Cb2 = ka a / Cab2 » 

Cab 2 = k2 Ca eVka = 2 L/ka (10) 

ka A / Cab2 == k4 a / Cb Cm ; 

Cb = ka CAB2/k4 Cm = 2 Ia/k4 Cm (11) 

If the experimental method used for determin- 
ing the rate detects the quantity of AB formed, 
the rate will be 

Nunil)er of molecules of AB formed per second 
= 2 A / la (12) 

Since the volume of the vessel is V, we may 
write 

+ d CAB/dt = 2 A / la/V (13) 

The type of chain referred to in equations 1 - 
4 is, of course not self-propagating and the rate 
is independent of the concentration of B 2 and de- 


pends only on the concentration of A® in m far 
as the light absorbed depends on this quantity* 

If the experimental method for determining 
the rate is based on the quantity of A 2 disappear- 
ing (as for example by measuring its concemra^ 
tion through optical absorption) we find 

— dCA2/dt = L A//V (14) 

The rate of disappearance of B 2 is 

— dCB2/dt = 2I. A// V (IS) 

If, now, we are permitted to assume the steady 
state only as regards the atoms A and B, but not 
for the intermediate AB 2 , the rate of formation 
of AB becomes 

+ d CAB/dt = ks Cab2 (16) 

However Cab 2 niust be calculated from the dif- 
ferential equation 

+ d CABs/dt = 2 L A / / V — ks Cab 2 (17) 

If the light absorbed is proportional to the con- 
centration of A 2 we may write L = K Ca 2 and 
— d CAg/dt = K Ca 2 A / / V. Hence 

Ca 2 = C^A 2 exp (- KA/t/V) (18) 

where C^^g concentration of A 2 at the be- 
ginning of the reaction. Substituting in equation 
(17) we obtain 

-f- d CABg/dt = 2 K A / C^A 2 exp 

(-KA/t/V) / V - ks Cab 2 (19) 
Integration gives 

(19a) 

Cab 2 = (2 KA/C ^2 [exp (- ks t) - 
exp (-KA/t/V)] / (KA//V — ks) 

The rate of formation of AB will be ks Cab 2 * 
The rate of formation of AB will start at zero 
at the beginning of an experiment and will in- 
crease for a length of time dependent upon the 
magnitudes of the various constants until the 
rate of formation of AB 2 is equal to its rate of 
disappearance. In case its rate of disappearance 
at unit concentration is small compared to its rate 
of formation when A 2 and B 2 are at unit con- 
centration, the rate may continue to increase un- 
til A 2 and B 2 have nearly disappeared. 

In the case just cited the distinction between 
the case in which the steady state may be assumed 
and the one in which such an assumption is not 
justified is not clear-cut, but will depend entirely 
on the relative values of the reaction constants. 
The second method of solution resulting in equa- 
tion (19a) is, of course, rigorous and will give 
the same answer as the assumption of the steady 
state when that assumption is justified. 
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One further point may be emphasized. The 
quantum yield may be defined either in terms of 
the number of molecules formed or in terms of 
the number of molecules disappearing per quan- 
tum absorbed, and hence may be obtained by di- 
viding any one of equations 13, 14 or IS by I* A I, 
the number of quanta absorbed per second, and 
multiplying by the volume. The quantum yields 
are all, therefore, independent of the light intens- 
ity. 

Now let us consider two examples of continu- 
ing chains. 


Mechanism I 

Aa -}- hv = 2 A (20) 

A •+• B 2 = AB -f- B (21 ) 

B + Aa = AB + A (22) 

A + M = 1/2 Aa + M (23) 

Mechanism II 

Aa + hv = 2 A (20) 

A + Ba = AB + B (21) 

B + Aa = AB -f A (22) 

A -f- A = Aa (24) 

By making the same postulates as before one 
finds 

+ d CAB/dt = (/ A/V) -4 I. ka Cnjk, Cm 
= 2 d CAa/dt (25) 

for Mechanism I. Since the number of quanta 
absorbed per second is la A /, the quantum yield 
is 

(V/Ia A /) d CabM =: (26) 

4 ka CB2/k4 Cm 


The quantity k 4 Cm determines the rate of re- 
moval of atoms of A and may be either a wall 
reaction or a homogeneous reaction without 
changing the general form of the equation. If 
the light absorbed is la / = lo [1 — exp ( — a 
^Aa 0], where lo is the number of quanta of 
radiation entering the reaction vessel per square 
centimeter per second (correction having been 
made for reflection and absorption by the window 
of the cell), equation (25) may be written 

+dCAB/dt = (AIo/V) [1-exp (-a Ca^/)] 

4 ka CBaA4 Cm (27) 

the quantum yield still being given by equation 
(26). If it is possible to expand the exponential 
and neglect the higher terms (either because the 
absorption coefficient is low, the concentration of 
Aa low or / small), equation (27) becomes 

(28) 

+ dCAB/dt = (AI 0 //V) 4 a ka Caj CBa/k4 Cm 


and the reaction will apparently follow a simple 
second order equation. Since A, lo, I, V and a 
may be determined experimentally without diffi- 
culty, one may determine (k 2 /k 4 Cm). Determi- 
nation of ka and ki individually can only be ac- 
complished by some of the methods mentioned 
above. It must be emphasized that the rate in 
this case is proportional to the incident light in- 
tensity and that it makes little difference whether 
the light beam is homogeneous or whether it is 
strictly parallel. Equation (25) will be exact as 
long as the quantity (U / A/V) is determined 
properly. With high concentrations, long path 
lengths and diverging beams the difficulties may 
be increased from an experimental standpoint, 
but the rate expression will still have some sig- 
nificance. 

Let us now turn our attention to mechanism II. 
The situation here is definitely more complex. 
One finds 

+ d CAB/dt = 2 ka Cb 2 (Ia/k4)'^ (29) 

Here however the rate refers to a particular 
volume element since the length of the chain is 
determined by the rate of reformation of Aa and 
this in turn depends upon the square of the con- 
centration of the atoms of A. In this case if the 
number of quanta absorl)ed per cubic centimeter 
per second varies from point to point, the over-all 
rate observed may not seem to follow any obvious 
relationship. 

If Beer's law is assumed and the beam of radi- 
ation is strictly parallel and homogeneous, It = 
lo exp(— "aCA 20 where It is the number of quan- 
ta transmitted per second per square centimeter 
at a distance I from the incident window of the 
cell. Then 

d It/d / = — a Ca 2 Io exp (—a CajO (30) 

= decrease in number of quanta trans- 
mitted per sq. cm. per sec. in tra- 
versing a thickness d / at a dis- 
tance I from the incident window 

=— number of quanta absorbed per cc. 
per sec. at a distance / from the 
window. 

At a distance / from the incident window we may 
write 

+ d CAB/dt = 2 ka Cb 2 (aIoCA2/k4)^ 

exp (-aCA2//2) (31) 

This gives the instantaneous rate at only one 
point in the light path. The total number of 
molecules of AB formed per second will be 

rl (32) 

A I (d CAs/dt) d / = d NAB/dt 

Jo 
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and if the photochemical reaction is slow com- 
pared to diffusion of the end products one may 
write 

(1/V)d NAB/dt = (d CAB/dt).,. (33) 

(dCAB/dt)Hv. = 4 Aka Cb^ (Io/ak4 Ca^)^ 

[1 - exp {^aCA2//2)3/V (34) 

In the simple case in which the exponential 
may be expanded in a series and higher terms 
neglected this l)ecomes 

(35) 

(d CAB/dt)av. = 2 Aka / Cb^ (Io a CA2/k4)VV 

This kind of a rate expression has been observed 
experimentally in several cases. The expression 
for the quantum yield is obtained by dividing 
both sides of the equation by the number of 
quanta absorbed per second, and multiplying by 
the volume. 

Quantum yield = 2 Cbj (V^o k4 a Ca 2 )'^ (36) 

It is seen, therefore, that the yield is inversely 
proportional to the square root of the absorption 
coefficient. The importance of this statement is 
obvious if polychromatic radiation is used, since 
each wave length will have a different absorption 
coefficient. If a = f (A) and also Io = f (A), 
the general expression for the rate of the reaction 
would become 

No, molecules AB fonned per second = 

2 A k, (A) V 

If the source of radiation consists of a few dis- 
crete lines one of the integrations could be re- 
placed by a summation. 

Equation (34) gives the instantaneous rate for 
monochromatic radiation and dividing by 

AIo [1 — exp (—a Caj, /)] 

will give the instantaneous value of the quan- 
tum yield. However in an actual experiment 
the concentrations are allowed to vary by an 
appreciable amount in determining the quan- 
tum yield. Thus the actual numter of mole- 
cules of AB formed divided by the total 
number of quanta absorbed over a given time in- 
terval will be the quantum yield. The resulting 
expression is very difficult to handle and little 
would be learned by pursuing this matter further. 
Suffice to say that in many experiments the dif- 
ferentials in equation (34) may be replaced by 
finite differences without introducing an appre- 
ciable error. 

In this discussion we have considered only a 
beam of parallel radiation. For mechanism I it 


is easily seen that the form of the rate eqtiatibn 
will be independent of the geometry of the %ht 
beam. For mechanism II this is not so. Fw-’ 
ther we have treated the concentrations oi the 
atoms A and B as though they were localised in 
the light l)eam, and the chains did not last long 
enough to make it necessary to take account of 
diffusion. Obviously all cases will be encoun- 
tered experimentally from this idealized one to 
the other extreme in which the concentrations of 
the atoms may be considered to be uniform 
throughout the entire vessel. With the assump- 
tions made in the above derivation a converging 
or diverging beam complicates matters enormous- 
ly since in the narrow part of the beam the rate 
of recombination will be higher than it will be in 
the broad part of the beam. 

For the reasons given in the preceding para- 
graphs one would scarcely expect any reaction 
which follows meclmnisni II to follow experi- 
mentally the ideal equation in which the rate is 
proportional to the square root of the light in- 
tensity and the first power of the concentration 
of B 2 . Deviations from the square rot)t law may 
be due either to the difficulties connected with the 
light l^eam or the fact that the chains are termi- 
nated by a combination of the methods of mech- 
anisms 1 and II. That these difficulties are of 
more than academic interest is evident from a 
perusal of recent work on photochemical halogen- 
ations. When sufficient care is observed in puri- 

1 V 2 (37) 

(A) exp (— f (A) Ca 2 /) dA d / 

fying the reactants these reactions seem almost 
always to have rates proportional to the square 
root of the light intensity. And yet with the 
3660 line of mercury as a source and chlorine 
pressures of even a few centimeters, the expan- 
sion of the exponential in equation (34) is hardly 
justified unless several terms in the series arc in- 
cluded. 

One further point may be mentioned in pass- 
ing. Since in regions of continuous absorption 
molecules are supposed to be dissociated in one 
act, true quantum yields correctly determined 
would not be expected to vary much with wave 
length. At high pressures where the atoms pro- 
duced can not separate very far before under- 
going collision, recombination might be almost 
instantaneous and the number of reaction chains 
started he smaller than at low pressures. This 
has been advanced as an explanation of decreas- 
ing quantum yield of ozone formation with pres- 
sure*. Increase of frequency of the quantum ab- 
sorbed would result in more rapid separation of 
the atoms and hence in starting more chains. At 
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lo#; pressures on the other hand the quantum 
yi«M for the primary process should be indepen- 
dent of wave length and the over-all quantum 
yield should follow equation (36) in which the 
yield is inversely proprtional to the square root 
of the incident intensity multiplied by the absorp- 
tion coefficient. 

Little would be gained by discussing other hy- 
pothetical mechanisms in detail. One finds in the 
literature mechanisms of all shades and degrees 
of complexity. Many of these are justified by 
kinetic and other considerations and many are 
not. We will consider only one illustration of the 
difficulty of deciding upon a definite reaction 
mechanism from kinetic studies alone. 

Relief son and Eyring’* have suggested that 
chlorinations may proceed through the action of 
a triatomic chlorine molecule CI3. While Sher- 
man and Sun^® have concluded from thet^retical 
considerations tliat this molecule is probably not 
important in addition reactions, Booher and Rol- 
lefson^® feel that so many cases may be explained 
by its assumption that it should not be ignored. 

Let us consider the following two possible 
niechani.sms for the photochemical addition of 
chlorine to chlorobenzene^^ : 

Mechanism III 

CI 2 + hv = 2 Cl 

Cl + CnlhCl = CoHoCln (ka) 

CiilhCh + CL = C.ihCh + Cl (ka) 
CoHnCl. + Cl = C0H5CI + CI2 (k4) 

Mechanism IV 

CL + hr = 2 Cl 
Cl + CI2 = CL (ks) 

CL -f- CoHfiCl = CellnCL 4 ** Cl (kc) 

Cl + CL = 2 CL (kr) 

By solving the quadratic equations for the con- 
centrations of CcHr>CL and CL and making simi- 
lar assumptions with regard to the relative mag- 
nitudes of the various constants one obtains the 
following identical expressions for the rates: 

For mechanism III 

(38) 

+ d (CcHsCD/dt =r (la ka k3 Pi 
For mechanism IV 

(39) 

+ d (CoHsCD/dt = (la ks kc Pi Pa/ki)"^ 

H^Bollefson, G. K. and Eyring, H., J. Am. Chem. 

Soc., 54» 170 (1932). 

Sherman, A, and Sun, C. E., ibid., 66, 1096 (1934). 
20 Booher, J. E. and Rollefson, G. K., ibid, 66, 2293 

(1934). 

«iCf. Hart, E. J. and Noyes, W. A., Jr., ibid, 66, 

1305 (1934). 


Pj = chlorine pressure, P^ = chlorobenzene 
pressure. 

Obviously a study of the kinetics of the reaction 
alone will not decide between the two mechan- 
isms. Unfortunately this situation is quite com- 
mon in photochemical studies. 

One method wdiich may be used to determine 
the mechanism of a reaction, in case that of an- 
other is known, is to cause the two to take place 
simultaneously. If the light absorbing substance 
is the same in the two cases, then in general the 
chain stopping steps will be the same in the mix- 
ture. We will illustrate by means of the hydro- 
gen chloride and phosgene syntheses. The chain 
stopping step in the phosgene synthesis is prob- 
ably COCl + Cl = CO + Cl>^ while in the 
hydrogen chloride synthesis the chains are gen- 
erally assumed to stop on the walls (see mechan- 
ism 1 above) since the light intensity enters the 
rate equation to the first power. Kollefson^^ has 
caused these two reactions to take place simul- 
taneously. While some of the conclusions have 
been questioned^^, the method is well illustrated 
by the study. 

If a mixture of carbon monoxide, hydrogen 
and chlorine is illuminated by light absorbed only 
by the chlorine, the following reactions may take 
place 

CL + hv = 2 Cl 
Cl + II 2 = IICI + H ki 

Cl + CL + CO = COCl + CL 
H -f CL = nci + Cl 
COCl + CI 2 = COCI 2 + Cl 
The chain stopping steps may be 
COCl -f Cl = CO + CL 
Cl + Cl = CI 2 ks 

Cl + wall ==1 V 2 CL 

The fraction of the chlorine reacting 
hydrogen may be shown to be 

AH2/(AH2+ ACO) = 

1/[1 +k2(CO)(Cl2)/ki(H2)J 

where the parentheses indicate concentrations. If 
the active form of chlorine is CL, equations 41 
and 42 become 

CL + Ho = HCl + H -t- CL k4 (49) 

CL + CO = COCl + CL kf, (50) 

22 Bodenstein, M., Lenber, S. and Wagner, Z. phys. 

Chem., B3, 459 (1929). 

23 Rollefson, G. K., J. Am. Chem. Soc., 66, 679 

(1934). 

24 See Bodenstein, M., Brenschede, W. and Schuma- 

cher, H. J.. Z. phys. Chem., B23, 81 (1935). 


(40) 

(41) 
ks (42) 

(43) 

(44) 

(45) 

(46) 

(47) 
with the 

(48) 
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Instead of equation (48) we should have 

AH,/(AH2+ ACO) = (51) 

1/[1 +k5(CO)/k4(H2)] 

In general if the active forms of chlorine are the 
same for both reactions equation (51) will re- 
sult. while if they are different an equation of the 
type of (48) will result. In the phosgene syn- 
thesis it is immaterial whether one writes Q + 
CU or CI3. Kollefson^® finds that if he plots the 
reciprocal of the fraction of the chlorine used by 
the hydrogen against the carbon monoxide pres- 
sure divided by the hydrogen pressure he obtains 
a straight line. From this he concludes that the 
active form of chlorine in the two reactions is the 
same. The further conclusion that CI 3 is an in- 
termediate in either reaction, is not justified, of 
course, from these considerations alone. The 
method is, however, a very useful one and has re- 
ceived other applications. 

So far we have said very little about the de- 
pendence on temperature of photochemical reac- 
tions. In case a molecule is dissociated by light 
and the subsequent reactions involve only a re- 
combination of fragments without continuing 
chains, the quantum yield will probably not vary 
greatly with temperature. Due account must be 
taken of the variation of absorption coefficient 
with temperature, however. Many photochemical 
reactions are known in which the increase in rate 
amounts to only a few percent for each ten de- 
gree rise in temperature. 

One of the general characteristics of a continu- 
ing chain reaction^® is that there will exist a tem- 
perature at which the reaction velocity will not 
follow the simple Arrhenius equation d In k/dT 
= E/KT^. This is ascribed to the fact that the 
length of chain varies with the temperature and 
that the number of chains initiated will also vary 
with temperature. 

The rates of photochemical chain reactions may 
either increase or decrease with temperature. To 
illustrate let us return to mechanism 1 alxjve and 
replace each of the velocity constants by the ex- 
pression obtained from the Arrhenius equation 

ki = .r,exp(-Ei/RT) (52) 

If the reaction is of such a nature that the as- 
sumption of the steady state is justified over the 
temperature range investigated, equation (28) 
may now be written 

+dCAB/dt = 4(AIo//VCM)a[so exp(-E2/RT) 
/S4 exp(^E4 /RT) ]Ca,Cb 2 (53) 

25 Cf. Taylor, H. S. and Salley. D. J., J, Am. Cbem. 

Soc., 65* 96 (1938). 


If the constant were being determined as thilugfi 
the reaction were second order, the constant k for 
the over-all reaction would be 

k = (4AIo//V) (S2/S4) aexp [-(Ea-E.)/!^] 


and differentiating logarithmically to put the 
equation in the Arrhenius form we find 


d In k/dT = d In a/dT + (E2-E4)/R- 




If the absorption coefficient a is not independent 
of the temperature the reaction may appear to be 
either Arrhenius or Anti-Arrhenius. Since there 
is no a priori reason why (E2— E 4 ) should be 
either positive or negative one will expect to find 
both positive and negative variations of rate with 
temperature. If the cliain stopping process, 
equation (23), involves removal by the walls E4 
will be small or zero and the expected behavior 
would be an increase of rate with temperature. 

In more complex reactions one will expect to 
find the behavior more complex and as already 
stated^^ the sign of the apparent energy of acti- 
vation for the over-all reaction may change as the 
temperature increases. In some cases, of course, 
the branching of chains may become increasingly 
important with rise in temperature or change in 
other experimental conditions and a sufficiently 
exothermic reaction may become explosive. 

In this hasty survey of the subject of chain re- 
actions no attempt has been made to give a com- 
plete or comprehensive bibliography of the sub- 
ject. The examples chosen have been partly hy- 
pothetical and partly real, and any other worker 
m the field may take exception to the choices 
made. Large parts of the subject have been left 
untouched, but it is hoped that some of the im- 
portant practical aspects of the subject will have 
been treated .so that the difficulties in tliis type of 
study will be apparent. It can not be emphasized 
too strongly that this field has been strewn with 
wasted effort because the errors which one may 
make in proving a reaction mechanism have not 
been clearly understood. In relatively few cases 
in the literature does one find complete and con- 
vincing proof of one mechanism for a given re- 
action as distinguished from others. 

But one must not take too pessimistic a view 
of the subject. The number of carefully studied 
reactions is increasing rapidly now that improved 
experimental technique is available and a clearer 
realization of the theoretical pitfalls has become 
more general. Nevertheless in many cases one 
must content to do the best one can with the 
apparatus and the mentality available, realizing 
full well that the ideal has not been reached. 
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Discussion 

Z?n Kassel; I have two comments to make. 
The first deals with the construction of chain 
mechanisms in the case that the chains are very 
long and that no plausible chain-carrying steps in- 
volve reaction between two or more chain car- 
riers. Then one can write all possible chain reac- 
tions, calculate the most general rate expression, 
and see what particular choices of constants will 
make this reduce to the experimental expression. 
It will in many cases be found that several dif- 
ferent choices are satisfactory, but hy such a 
treatment there is reasonable assurance that no 
possibility has been overlooked. 

The second comment is that when the steady 
state assumption is not valid, the reaction usually 
cannot be followed by pressure changes alone, 
since the intermediate will be present in appreci- 
able quantity. Then such an intermediate can be 
determined analytically and the steady state as- 
sumption need not be applied to it. 

Dr, Bates: 1 sliould like to question Noyes* 
definition of a chain reaction as consisting of 
any reaction which occurs through the inter- 
mediate formation of atoms or radicals. I had 
thought that the term was usually applied to re- 
actions in which one of tlie intermediates was re- 
generated in the course of the reaction. I'or ex- 
ample, I should call the h}drogen-chlorine reac- 
tion a chain reaction, but would not use the term 
to describe the photodecomposition of hydrogen 
iodide, although atoms apjiear in the mechanism 
of the latter reaction. 

Dr, Noyes: I have never had any one agree 
with my definition. When I tried to restrict it, 
as you have suggested, it seemed to me the dis- 
tinction between chain and non-chain reactions be- 
came vague. 

Dr. Rollefson: The difficulty in deciding be- 
tween various possible steps in a diain mechanism 
on the basis of calculations such as Eyring 
makes, lies in the fact that in those calculations 
the error is sometimes 10 large calories or 
greater, whereas very often the heats of activa- 
tion for the steps in the chain process are not 
more than 10 large calories. Take one particular 
reaction which Eyring has discussed, namely 
whether to use O or Cla in the hydrogen chloride 
synthesis. He calculates the heat of activation for 
chlorine atom plus hydrogen molecule to be 16 
large calories and for Cla plus hydrogen about 21. 
Now from an experimental standpoint Cl plus Ho 
has a heat of activation of 6 large calories. Thus 
there is a discrepancy between theory and experi- 
ment amounting to at least 10 large calories and 
yet the theory is trying to decide between two re- 
actions for which the calculated difference is only 
5 large calories. That is why I still use triatomic 
hak^ns when I find any need for them. 


Dn Kassel: My feeling, based on less specific 
methods than those Eyring uses, is that the 
triatomic halogens will, however, in all cases 
probably have a slightly higher activation energy 
than the free atoms and that only in dealing with 
association reactions where having the CI 2 as the 
second body in the reaction product is helpful, 
will the reaction by way of the triatomic form be 
favored. 

Dr, Rollefson : At present that is the only 
type of reaction for which it is necessary to bring 
in that assumption. 

Dr, Noyes: There is one further point I 
might have mentioned and that is the method of 
competing reactions. 1 would like to hear 
Rollefson comment on the CO—CI 2 and il 2 —Cla 
reactions, with particular reference to the recent 
work from the Bodenstein laboratory. 

Dr. Rollefson : in the particular example cited 
by No>es, there are some discrepancies be- 
tween the results obtained in Bodenstein's labora- 
tory and my experiments. This is at least par- 
tially due to differences in procedure, as in our 
experiments the percentage of the &ul)stances re- 
acting was kept as low as possible in order to 
avoid complications due to the reaction products, 
whereas the experiments performed in Boden- 
steiii*s labomtory sometimes involved as much as 
ninety percent reaction. As they report disturb- 
ances due to the reaction products, the two sets of 
results cannot be compared quantitatively. At 
present I feel that the only conclusion which can 
be drawn from these experiments is tliat the ac- 
tive form of chlorine is the same in both the 
phosgene and hydrogen chloride syntheses, with 
chlorine having an additional effect in the phos- 
gene reaction. I believe that COG is definitely 
an intermediate, although Bodenstein discussed 
his results on the assumption that I had discarded 
tliat intermediate. 

Dr, Bates: In this connection, would it not be 
possible to determine whether Ch is formed by 
measuring the absorption spectrum of strongly 
illuminated chlorine in the far ultraviolet, as has 
been done by Turner? By varying the chlorine 
pressure the absorption due to chlorine atoms 
should vary according to the equilibrium forming 
Qs from chlorene atoms. 

Dr. Rollefson : That would be a very difficult 
experiment, because if the chlorine pressure is 
increased there would be an increase in the num- 
ber of chlorine atoms formed due to increased 
absorption and at the same time the higher pres- 
sure of chlorine would convert more Cl into CU. 
These processes have opposite effects on the Cl 
concentration and therefore it would be necessary 
to detect very small changes in this concentration. 

I believe that the best chance of detecting the 
triatoniic halogens lies in a study of the vapor 
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densities of bromine and iodine at high tempera- 
tures. At present there is a discrepancy between 
the theoretical equation for the dissociation of 
iodine and that for bromine (both based on spec- 
troscopic data ) and the experimental values which 
have been obtained by Bodenstein. For iodine the 
discrepancy amounts to about 10 percent of the 
equilibrium constant at 1000° C. and for bromine 
it is 30 percent. This discrej^ancy can be elimin- 
ated by assuming the presence of triatomic halo- 
gens with reasonaiile assumptions as to their sta- 
bility. At present the experimental data are not 
sufficiently complete to test the variation of the 
discrei>ancy with temperature and pressure in or- 
der to see if these will fit the form required by 
the assumption of triatomic halogen molecules. 

Dr, Noyes: Concerning Bates’ point, 1 think 
one would have to look for a line absoq)- 
tion due to chlorine atoms at wavelengths where 
the difficulties would be great due to absorption 
by chlorine molecules. 

Dr, Hurtline: I do not wish to get the dis- 
cussion off the track, but I might remark that tliis 
is getting very close to certain problems in biolo- 
gy concerned with the visual mechanism. For 
example, it is necessary to assume some sort of 
steady state, if for no other reason than tliat one 
can stay in lighted surroundings without going 
blind. Moreover the sensitivity after one has be- 
come completely accustomed to a given light in- 
tensity remains constant. I presume that this dis- 
cussion largely referred to gaseous photochemis- 
try, but I wonder whether any liquid systems 
exist, or po.ssibly could be found, involving 
chains, I think a study of these chain reactions 
would be very valuable for biologists. 

Dr. Noyes: Of course chain reactions in 
liquid systems are known : one is the chlorination 
of tetrachloroethylene in carbon tetrachloride 
solution. I do not know, off hand, of any aque- 
ous system — I presume they must exist. 

Dr, Forbes : The oxidation by air of sulphites. 

Dr. Noyes : The assumption I made in deriv- 
ing these expressions is to the effect that all re- 
actions involving intermediates take place in the 
light path. One must have variations from this 
situation. Of course, if atoms or radicals of long 
life diffuse out of the light path, the treatment of 
the problems becomes more difficult and the shape 
of the vessel may have to be considered. In gen- 
eral we know little concerning diffusion processes 
in liquids. 

Dr, Fricke: Discussing exothermic reactions 
of the type for which the quantum yield varies 
with the light intensity, Noyes pointed out the 
experimental difficulty of obtaining a uniform 
intensity throughout the irradiated volume. For 
this reason, in some cases more readily interpret- 
able results are obtained when X-rays arc used. 


For example, we have studied the decomposi^ott 
of solutions of hydrogen peroxide by this agdticy 
and find the decomposition, for equal units of X- 
ray energy absorbed, increases as the square 
root of the hydrogen peroxide concentration and 
inversely as the square root of the X-ray intens- 
ity. The study of this reaction with light, as car- 
ried out by a number of different investigators, 
has not so far given completely satisfactory re- 
sults. However, the variation of the quantum ef- 
ficiency as the square root of the concentration 
and as the inverse square root of the light intens- 
ity gives the best summation of all the data. We 
have seen no wholly satisfactory way to explain 
these relationships, but the following equations 
may be set down as perhaps containing something 
of the true mechanism : 

II 2 O 2 ^ OH + OH 

(HoOnlact + Of! 1102 + H 2 O 

HO 2 + 2(Jf202) (floOOact + H 2 O + Oil 

(H 202 )nct + (H2()2)a.t 2II2O -f O2 

Dr, Kistiakowsky: There is fairl> good evi- 
dence that in ultraviolet light hydrogen peroxide 
gives hydroxyl radicals, I'he work of Urey, 
Dawsey and Rice has established that uiK)n illu- 
mination of hydrogen peroxide vapor with light 
of sufficiently short wavelength, fluorescence of 
hydroxyls is observed. Evidently one obtains one 
normal and one excited hydroxyl radical. Of 
course, J am not sure that X-rays will jiroduce the 
same products as light, but are not the kinetics of 
the X-ray reaction very similar to the kinetics of 
the photochemical reaction and should not one 
conclude from this that the primary process is the 
same? Jf I may write the Haber and Willstat- 
ter mechanism : 

H 2 O + X -> 2 OH 

Ofl + H 2 O 2 HO 2 + H 2 O 

HO 2 + H 2 O 2 O 2 + II 2 O -f OH 

Now you have the continuation of the chain, and 
it seems to me that if you assume that the cliain 
is ended by recombination of radicals, you get the 
correct relation of rate and radiation intensity. 

Dr, Kasscll : I may be wrong, but I think the 
two mechanisms will lead to very similar results. 

Dr. Fricke: The fact that the decomposition 
depends on the X-ray intensity shows that the 
rate of decomposition must be regulated by colli- 
sions between two activated molecules. This must 
be the case whatever mechanism we assume. The 
number of hydroxyl radicals in equilibrium with 
hydrogen peroxide of a certain concentration 
depends upon the heat of dissociation, which is 
not well known. The value 30 Cal, seems a 
probable one. If this is the correct value, the 
concentration of OH would not seem to be too 
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low to make the proposed mechanism an unlikely 

om. 

Dr, Bates: Fricke’s mechanism calls for the 
collision of an activated hydrogen peroxide 
molecule with a hydroxyl which is in its equilib- 
rium concentration. This concentration would 
seem to be so low as to preclude the possibility 
of such a process, when it is rememl>ered that the 
activated hydrogen peroxide would have to make 
many collisions with other molecules before meet- 
ing one of the few hydroxyl groups. 

Dr. Brackett : There is one comment I would 
like to make. It does not bear on matters of 
mechanism, but has to do with the fact that in 
biology one is frequently concerned with wave- 
lengths shorter than 3000 A. In that region 
Eller has found some evidence that ionization 
does occur. For instance, in normal saturated 
hydrocarbons, when illuminated with various 
wavelengths, a conductivity can be measured with 
a threshold which depends on the size of the hy- 
drocarbon molecule. The threshold shifts toward 
longer wavelengths with increasing size and also 
for branched hydrocarbons. For complicated 
molecules this may occur at wavelengths even as 
long as 2500 to 2900 A. Much biological photo- 
chemical work has I>een done in this region and 
while it may be surprising to find ionization at 
this point, without knowing more about the liquid 
ionization potentials it is impossible to say 
whether ionization would be of ini))ortance or not. 

Dr. Noyes: Certainly many reactions may be 
initiated by ionization. In most photochemical 
reactions I do not think that chain mechanisms 
involving ions are necessary. 

Dr. Bates: I should think it hardly |K:».ssible 
for electrons to be removed from hydrocarbons as 
a primary act of the absorption of light of wave- 
length 2500 A. The electrons are more tightly 
bound than in metal lattices. Some of the ori- 
ginally formed radicals might react on the surface 
of the metallic electrode, giving rise to what 
might be called a *‘chenii-electric*' eflPect and pro- 
ducing electrons. This is, of course, mere specu- 
lation. 


Dr. Brackett: No. We have only the over-all 
observation that they are fonned and that con- 
ductivity follows, or rather loss of conductivity 
follows very slowly subsequent to illumination, a 
matter of many minutes. 

Dr. Bates : There are cases, I believe, in which 
collisions of the second kind between molecules 
and electrons may produce electrons of high ve- 
locity. Radicals may react on the surface of the 
electrons which are present, thus causing electrons 
to be ejected from the surface. 

Dr. Brackett: We attempted to exclude that 
possibility by having the electrodes shielded and 
at .some distance from the illuminated portion of 
the material. That was as much as we were able 
to do. 

Dr. Bates: I was objecting to the appearance 
of ions in the primary act. 

Dr. Brackett: I think it unlikely that they 
arose from the electrodes rather than in the body 
of the materials under those conditions. The long 
distance that activated molecules would have to 
travel would make it rather surprising to me that 
they would reach the electrodes. 

Dr. Kassel: In almost any reaction one finds 
the production of a few electrons, one per million 
or ten million. Electrons seem to have very long 
lives in liquid hydrocarbons. Might not gradual 
accumulation of these few electrons be more 
plausible than direct ionization with an energy of 
only four volts? 

Dr. Brackett: Until the value of the ioniza- 
tion potential in liquid as compared to gas is bet- 
ter known, it seems difficult to arrive at an ade- 
quate l^asis for judging as to the plausibility of 
an ionization potential range of from four to five 
volts in liquid. 

Dr. Bates: Not very difficult. In metals the 
electron is pretty loosely attached and gives rise 
tt) metallic conduction. In hydrocarbons this is 
not so. The energy here necessary to remove the 
electron would be fairly do.se to the ionization 
potential of the gas. 
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It has been recognized for some time that in 
photochemical reactions two stages are readily 
distinguished: the primary and the secondary 
processes. The first comprises the process of 
light absorption and the resultant changes in the 
absorbing system (an atom or a molecule), while 
the second includes all subsequent reactions of 
the active species produced with other atoms or 
molecules present. The primary process is mainly 
determined by the size of the light quanta and the 
nature of the light absorbing particles, although 
in some instances it may be altered by the pres- 
ence of other molecules. The secondary reac- 
tions, on the other hand, are determined by the 
composition of the system studied and are in no 
essential detail different from reactions caused by 
such active particles when these are produced 
thermally or by means of electric discharges. 
Superficially, however, differences may be ob- 
served because the use of photochemical methods 
enables one to study reactions under such condi- 
tions of temperature and pressure that no other 
methods can be applied and thus some reactions 
(those with low activation energy or reactions re- 
quiring triple collisions) are enhanced at the ex- 
pense of others. 

A production of atoms or free radicals requires 
a rupture of chemical bonds in the light-absorbing 
molecule and unless these linkages are weak (as 
in halogen compounds) large amounts of energy 
are required for the process. In agreement with 
this is the general observation that most photo- 
chemical reactions involving atoms and radicals 
are caused by ultra-violet light, except with halo- 
gens and one or two other unstable compounds. 

Spectroscopic studies have gradually shown 
that all molecular spectra of vapors and gases 
may be subdivided into three main classes: 
banded spectra with discrete rotational structure ; 
diffuse bands; and continua. In liquids and 
solids, except at very low temperatures, only dif- 
fuse spectra are known and this was early at- 
tributed to the mutual interaction of the closely 
packed molecules. In gases, on the other hand, 
each of the above types of spectra indicates a 
different primary process. 

The discrete spectra are taken as evidence that 
upon absorption of light a stable activated mole- 
cule is formed which, after an average interval 
of something like 10"* seconds, emits (in one or 
several steps) the absorbed light energy as fluor- 
escence, unless the intervening molecular colli- 
sions alter this. Examples of this type of spec- 
tra are the^ halogens in the red and yellow regions 
of the visible spectrum, nitrogen dioxide in the 
visible and formaldehyde or benzene near the 
beginning of their ultraviolet spectra. 


The diffuse bands (the degree of diffuseness 
varying from molecule to molecule and from one 
part of the spectrum to another) have been in- 
terpreted as indicating ''p^^^dissociation'" ^ the 
activated molecule is assumed to undergo an elec- 
tronic rearrangement without emission of light 
which it becomes unstable and immediately de- 
composes. For this process to produce a diffuse 
spectrum, it must occur much more rapidly than 
the ordinary process of fluorescence and times 
varying from 10"^^ to 10“^^ seconds can be esti- 
mated for it. In order that predissociation may 
occur, two electronic levels must have an identi- 
cal energy at the same spacial configuration of the 
atomic nuclei in the molecule and also must fulfill 
other requirements. Thus predissociation, while 
widespread, is not universal and even with those 
molecules with which it lias been observed at all, 
it is usually limited to a part of the absorption 
spectrum, being preceded from the red by discrete 
bands and followed to the violet either by a con- 
tinuum or, frequently, by other discrete bands. 
Examples of predissociation are particularly 
numerous with pol} atomic inolecules : ammonia 
and ozone have only diffuse bands; formaldehyde, 
other aldehydes and ketones have predissociated 
bands in the middle ultraviolet, as have benzene 
and its derivatives below 2200-2500A. Some dia- 
tomic molecules (S>j, AlII) are also known to 
have diffuse bands. 

The continua in molecular spectra are taken to 
be the evidence that the excited state of the mole- 
cule is it.self unstable*, so that upon absorption of 
light the molecule dissociates instantaneously. 
Halogens in the blue and violet of the visible and 
in the near ultraviolet, the oxygen molecule be- 
low' 1750A, nitrosyl chloride in the visible, hydro- 
gen peroxide in the ultraviolet and probably many 
organic molecules in the far ultraviolet (25(X)- 
20(X)A) exhibit this type of spectra. 

Such an interpretation of molecular spectra 
leads to the conclusion that a formation of atoms 
or radicals should be expected in all*^ cases when 
continuous spectra have been established for sub- 
stances studied as dilute gases. This is indeed 
true experimentally. The halogens and the halo- 
gen hydrides are tlie classical examples of atom 
production with light of wave lengths belonging 
to their continua ; oxygen atoms are known to be 
formed when oxygen molecules are illuminated 
by light below 1750 A. Among polyatomic mole- 
cules, the case of hydrogen peroxide is particu- 
larly clear*. Two hydroxyl radicals are formed 

* Except when the molecules decompose to form 
other stable molecules. 
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here and if the light is of sufficiently short wave 
length, one of the radicals is formed in the ex- 
cited state. This is shown by the emission of 
hydroxyl bands as fluorescence. Many other 
similar reactions are also known. It has been 
uniformly assumed in these cases — and no evi- 
dctice to the contrary is available — that every 
molecule absorbing light decomposes, so that the 
quantum yield is constant and is equal to unity, 
for the primary reaction at least. 

Predissociatioii spectra are also normally ex- 
pected to yield decomposition products, but since 
the time between absoriition ol light and decom- 
position is here appreciable and may be even 
longer than the average time between molecular 
collisions at moderate gas pressures, it is con- 
ceivable that the activated molecule may undergo 
some other reaction on collision instead of decom- 
position, or even lose its energy in this manner. 
These considerations apply, of course, particu- 
larly to reactions taking place in condensed 
phases. 

Some of the better known reactions involving 
predissociatioii are the decomposition of ammonia, 
which yields NHo and a h)drogen atom, the de- 
composition of ozone (both in light of the red 
and the ultraviolet regions of absortitwm), yield- 
ing an atom and a molecule of oxygen*'^, and de- 
compositions of nitrogen dioxide^ of aldehydes 
and of ketones, lii several such reactions the 
quantum } ield has been .observed to decrease with 
increasing wave length near the lower limit of the 
predissociation si>ectrum. This behaviour may 
possibly be accounted for by assuming that the 
probability of predissociatioii decreases and thus 
the molecules have an increasing chance to lose 
beforehand their energy on collisions. A case of 
this type is the decuinposition of ketcnc^ and 
others will be mentioned, in liquid systems, as 
stated before, the time between imjiacts is so 
small that the fate of activated molecules will, to 
a very great extent, be determined by their be- 
haviour in collisions, 'riiese, as pointed out, may 
lead to a loss of energ) , but also may lead to re- 
action. In any event reactions in which even 
stable activated molecules undergo decomposition 
are known. I'hus the kinetics of the hydrogen 
bromine reaction are uncluiiiged when light is 
used of wave lengths longer than the limit of the 
bromine continuum®; this clearly indicates that 
free bromine atoms are formed on collisions of 
activated bromine niolecules with other molecules 
present. In the case of oxygen, illuminated by 
light of longer wave lengths than 1750 A. atoms 
are formed only as the result of a secondary re- 
action of activated molecules®: O^* + On 
Os + O. These last two reactions may serve as 
examples of atom formation wlien spectra are 
discrete, but others are known. 


Besides the direct formation of atoms or radi- 
cals, the process of sensitized decomposition must 
be considered, of which again many examples 
could be quoted. The most frequently investi- 
gated reactions of this t>pe are those caused by 
excited mercury atoms, seveml of which are 
known. They involve decomposition of hydrogen, 
ammonia, hydrocarbons and some others. 'I'he 
exact mechanism of the majority of these reac- 
tions is unknown as yet. In the case of hydro- 
gen it is now assumed that a secondary reaction 
of the excited mercury atom, rather than an 
energy transfer, leads to the atom formation^®, 
Hg* 4* H 2 -> HgH + H, and the same may be 
true of the other processes mentioned. 

Space will not permit even a brief mention of 
all reactions which the photochemically formed 
atoms or radicals are known to undergo. Instead, 
only a few cases will be selected arbitrarily and 
discussed in some detail. Such a treatment must 
inevitably include a consideration of other evi- 
dence gathered on these active species, besides the 
photochemical information, because frequently 
corroborative or complementary data are thus ob- 
tained. In the case of hydrogen atoms, for in- 
stance, much of the evidence has been gathered 
from experiments with atoms withdrawn from 
electric discharges at low pressures^^. The data 
agree in general with what is known from the 
study of hydrogen atom.s produced by excited 
mercury or by decomposing ammonia, although 
some discrepancies are noted. Some of these are, 
in all probability, real and are to be attributed to 
the large difference of pressures used in the two 
types of investigation, a condition which favors 
different reactions when such are chemically pos- 
sible. 

The reactivity of hydrogen atoms in general has 
been found to be very high, although their ex- 
change reactions with stable molecules seem to 
require some activation energy. Thus the ex- 
change with hydrogen molecules^®, H + H 2 
H 2 + H, involves about 7 Cal., while the ex- 
change with methane^* (studied by means of 
deuterium atoms), D -j- CH 4 CIIaD -f- H, 
takes about 5 Cal. No exchange reaction of the 
type H f- CH 4 — ► CHs Ho has been observed 
even at 150° C.^^ and must therefore require 
quite a large activation energy. With other sat- 
urated hydrocarbons, however, this reaction pro- 
ceeds quite rapidly and also the reaction involving 
a rupture of the carbon to carbon bond, judging 
from the reaction products, must be taking 
place^^. It appears then that methane occupies 
a somewhat exceptional position and it would be 
of great interest to determine whether this is due 
to a particularly strong binding of the first hydro- 
gen on methane or to other causes. It may be 
noted that also ammonia is quite stable against 
hydrogen atoms^^, while hydrazine undergoes a 
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rapid reaction^^. The case is perhaps not quite 
analogous to tliat of hydrocarbons since with 
hydrazine the entire reaction may involve only the 
nitrogen to nitrogen bond. With oxygen and 
carbon monoxide hydrogen atoms undergo addi- 
tion reactions which are apparently triple colli- 
sion processes and do not require activation ener- 
gy of any appreciable amount^®' 'I'he radical 
HO 2 , through a sequence of reactions which is 
known but uncertainly, forms mainly hydrogen 
peroxide; the radical HCO forms formaldehyde 
and glyoxal in varying pro^xirtions. 

It could be expected that the reaction of oxy- 
gen atoms with hydrogen molecules is similar to 
that of hydrogen atoms and oxygen molecules, 
thus leading to the formation of water in a triple 
collision process. Instead, this reaction, while 
requiring triple collisions, results in about equal 
amounts of hydrogen peroxide and water** and 
must be thus more complex than C) -f* 1-12 + M 
— » OHo 4- M. At low pressures, apparently, 
another reaction sets in, O 4- H 2 OH -f- IJ, 
which requires about 6-7 Cal. activation energy^^. 

Our knowledge of the reactions of hydrogen 
and oxygen atoms is inferior to that of the re- 
actions of bromine and chlorine atoms, of which 
many are known. Without delving into them any 
more, however, we shall turn our attention to re- 
actions of free radicals, in particular to processes 
occurring in decomposition of aldehydes and ke- 
tones. The majority of these form carbon mon- 
oxide and a hydrocarl)on as the result of illumi- 
nation. None of the reactions is entirely clean, 
however, and other products, as hydrogen in the 
case of aldehydes’^®, are usually observed, while 
in a few instances the reaction takes an altogether 
different course. The quantum yields at room 
temperature are usually small, less than unity. 
That of acetaldehyde is of the order of unity at 
2536A and about 0.3 at 3130A^®; j^ropionalde- 
hyde yields are slightly higher but vary in the 
same manner^®; the quantum yield of acetone is 
about 0.2-0.3 and deixinds somewhat on the light 
intensity^®; ketene has a yield of about 0.2 at 
3600 A and alx)ut 1.0 at 3100A^. Leermakers has 
recently shown that these quantum yields are a 
function of temperature and rise to several hun- 
dreds at 300-400® C. when aqetaldehyde is used*-^^. 
With acetone they rise to approximately unity 
and then remain fairly constant from about 180 
to 400® As Leermakers points out, these 
observations force one to the conclusion that a 
primary reaction must be followed here by second- 
ary processes which, under favorable conditions, 
can form long chains. 

Much of our knowledge of the decomposition 
of aldehydes and ketones is due to the work of 
Norrish*-'®. From a study of the reaction products 
at room temperature he has arrived at the con- 


clusion that the mechanism of the primary ite- 
compositioii of aldehydes is the splitting of a CO 
group, a stable hydrocarbon being also formed, 
i'he deficiency of the quantum yields is accounted 
for by assuming that an internal dissipation of 
energy from the reacting bond takes place very 
soon after predissociation and before the mole- 
cule has a cliance to decompose. This is regarded 
as the reversal of tine process which is responsible 
for the thermal unimolecular reactions. The 
more energy the molecule has absorbed, the more 
likely it is that enough will remain in the reacting 
I>ond to cause decomposition. Thus the quantum 
yield should be increased by decreasing the wave 
length of radiation as actually found. This ex- 
planation is entirely acceptable, but a reconsider- 
ation of the question of the deficient quantum 
yields from the point of view of the reaction 
chains, in particular of their dependence on light 
intensity, must be made before the final decision 
is reached. 

A primary formation of carbon monoxide and 
of stable h\^drocarhon, as suggested by Norrish, 
seems to be out of the question, because of the 
observations of I-eerniakers at higher teiTii>era- 
tures. The latter assumes, in accordance with 
several earlier suggestif)ns'^®, that the j)rimary re- 
action is of the type 

C'lIaCHO -f hv CUn 4- CllC) 

and is followed, when the temperature is suffi- 
ciently high, by a variety of reactions of the 
methyl radicals. The formyl radical, under these 
conditions, decom])oses, yielding CO, while the 
hydrogen atom formed also undergoes several 
reactions. I'he decomposition of the form\l radi- 
cal occurs not instantaneously upon its formation 
and j)resuniahly the process requires some activa- 
tion energy obtained from collisions. Not only 
this, hut also other reactions occurring in the chain 
require activation energy and thus with decreas- 
ing temperature the chain is retarded. At room 
temperature the main reactions are the reactions 
of the free radicals among themselves, since these 
require the least activation energy. The pre- 
dominant reaction is CHa + CHO CH 4 4” 
CO, but possibly the recombination CHa -f- CHO 
CHaCHC^ is also taking place and accounts 
for the deficient quantum yield. The small 
amounts of hydrogen found among the decomjx)- 
sition products at lower temperatures are due to 
the decomposition of the formyl radicals and sub- 
sequent recombinations of hydrogen atoms or 
their reactions with aldehyde molecules. That no 
etliane apparently is found among the decomposi- 
tion products of acetaldehyde is entirely in ac- 
cord with ob.servations of Rice®^ on reactions of 
free methyl radicals, who also finds that such re- 
action is very slow. 
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By means of radicals here discussed, Leer- 
makers is able to derive kinetic expressions for 
the rate of photochemical decomposition which 
are in accord with his experimental observations 
and agree also with Rice’s interpretation of the 
fhetmal decomposition of acetaldehyde and other 
organic compounds*'^. 

For the decomposition of lower ketones Nor- 
rish suggests a primary process consisting in a 
simultaneous severance of both hydrocarbon radi- 
cals from the CO group. The radicals then ne- 
combine and thus, if an unsymmetrical ketone 
(methylethyl) is studied, all three possible hydro- 
carbons are found. Further support for this view 
is claimed from observations on the decomposi- 
tion of cyclic ketones, which yield mainly cyclic 
hydrocarlx)ns and also from the finding of Pear- 
son^*^ that free methyl radicals can be observed 
in decomposing ketones but not in acetaldehyde. 

Contrary to this view, Leerrnakers assumes that 
only one radical is severed from the original 
molecule. At elevated temperatures, when the 
quantum yield is nearly unity, the residue of tlie 
acetone molecule (OCCTls) decomposes uni- 
molecularly, whereupon a recombination of tliie 
free methyl (and ethyl) radicals takes place, since 
other leactions would require too much activation 
energy. At lower temperatures the radical 
OCCiia is suiiposed to be sufticiently stable to 
undergo mainly the recombination reaction 
OCCIJ3 + Cdia CHaOCCHa, accounting for 
the low quantum \ield. A reaction of the type 

CHs + CHaCOCHa CH4 + CHaC'OCHa 

rnu.st also be taking place to some extent since 
methane is found in appreciable quantities'^’. 
Evidence adduced by Norrish in support of his 
theory serves equally well for this mechanism. 
Thus the difference with respect to free radicals 
found by Pearson between acetaldehyde and ke- 
tones is explained hy their rapid exchange reaction 
in the first case and longer mean life due to the 
slow recombination in the second. The only possible 
difficulty is presented by the case of cyclic ke- 
tones. It is necessary to assume that the recom- 
bination of radicals like CeHiaCO is too slow to 
take place to any appreciable extent and tliat 
therefore they decompose by C0H12CO 
QH12 + CO, forming a hydrocarbon radical 
with free valences on both ends of the chain. 
These, again, are not stable and either rearrange 
(into rings when the chain is long enough or 
otherwise into olefinic hydrocarbons) or break up 
into smaller molecules of olefinic hydrocarbons. 
The idea of instability of long-chain free radicals 
is quite in agreement with the views of Rice^"*, 
In support of Leerrnakers’ mechanism can l^e ad- 
duced also the observation of Damon and Dan- 
ids^*^ that the quantum yield of acetone decom- 
position decreases with increasing light intensity. 
This is due, of course, to the limited life of tlie 


OCCHa radical, favoring the formation of CO 
and ethane at low light intensities. It becomes 
also unnecessary to assume tliat with longer chain 
aliphatic ketones the primary process is different 
from the above and involves a rupture of one 
carbon-to-carbon bond in the middle of the hy- 
drocarbon chain as assumed by Norrish. Instead 
we postulate, as before, that the rupture occurs 
at the carbonyl carbon, but that the long-chain 
radical is unstable and decomposes into a methyl 
and an olefin. The former then reacts, as in the 
case of acetone, with the (.)CCH3 radical to form 
acetone which experimentally is one of the main 
reaction products. According to this development 
of Leerrnakers’ idea, several crucial tests can be 
devised to prove its correctness. Thus the de- 
composition of methylbutyl ketone should give no 
acetone at somewhat elevated temperatures ( 150 - 
200 ° C.) where the quantum yield of acetone de- 
composition approaches unity, since the OCCH3 
radical is unstable then. Also, in the decomposi- 
tion of niethvlethyl ketone some acetone and some 
diethyl ketone should be found among reaction 
products. 

In an intimate relation to the mechanism of al- 
dehyde decomjxxsition stands the problem of their 
photochemical oxidation in the condensed jdiase, 
both undoubtedly l)eing started by the .same prim- 
ary process. But also the mechanism of their 
thermal oxidation (auto-oxidation) must l)e 
closely related, since, as liaeckstrom*’® has shown, 
the photochemical and the thermal reactions are 
very much alike. The oxidations, as shown by 
Baeckstrom, are chain reactions and it is clear in 
view of the preceding that free radicals must lx* 
involved in them. Radical mechanisms have in- 
deed lieen proposed, one by Ha])er and Willstaet- 
ter^^, another by Baeck.stronr^. In some respects 
these mechanisms are different from one another 
and also from the mechanism discussed above. 
According to Haber and Willstaetter the primary 
process in a thennal oxidation induced by a ca- 
talyst (A) is as follows: 

RCHC) + A RCO + AH 

and, accordingly, in a photochemical reaction; 
RCHO + hi^ RCO + H. This is followed 
by reactions which can he written summarily as : 

RCO + RCHO + Go + H .>0 
2RCO2H + OH 

the hydroxyl radical taking up the chain and re- 
acting with another aldehyde molecule to form 
the acyl radical. The authors feel that this type 
of reaction is quite general and accounts for many 
organic oxidations and, in the absence of free 
oxygen, for dispro]iortionatic)n reactions. 

Baeckstrom’s mechanism differs from the pre- 
ceding one in that, following an idea of Boden- 
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stein developed to account for the thermal oxida- 
tion of acetaldehyde in the vapor phase^®, the 
primary process is supposed to be the loosening 
of the carbonyl linkage, a radical with free val- 
ences on carl)on and on oxygen resulting. This 
then, in a reaction with aldehyde molecules, pro- 
duces other radicals which carry on the chain by 
forming peracid upon reaction with ox>gen. No 
free hydroxyls are supposed to be formed. Such 
a view of the reaction mechanism must be de- 
clined, however, because it does not conform with 
the evidence of spectra. Tlie loosening (or par- 
tial breaking, if preferred) of the carbonyl bond 
represents, after all, nothing but another elec- 
tronic state of the molecule and therefore discrete 
spectra should result. This not being the case, 
the mechanism of Baeckstrbm must be rejected. 

The Haber-Willstaetter mechanism, on the 
other hand, is not subject to this criticism and, , 
as a matter of fact, it will account equally well 
for the observations of Leermakers at elevated 
temperatures, as the mechanism proposed by that 
author. Its main difficulty is that at room tem- 
perature large amounts of hydrogen should re- 
sult from the photochemical decomposition of al- 
dehydes, which is not the case. The question of 
the primary formation of hydrogen atoms in these 
reactions could perhaps l>e decided by a study of 
the photochemical decomposition in the presence 
of para-hydrogen or deuterium, in which case the 
hydrogen atoms would show themselves through 
their exchange reactions with hydrogen molecules. 
In the meantime one is faced with the dilemma 
of either accepting the formation of hydrogen 
atoms and somehow explaining the absence of 
hydrogen in photochemical decomposition, but on 
the other hand being able to organize a vast 
amount of experimental observations from very 
different .sources under a uniform point of view: 
or of asserting that the mechanisms of the photo- 
chemical and of thermal oxidation of aldehydes 
are different. This follows because methyl radi- 
cals seem to be unlikely carriers of chains in oxi- 
dation reactions at room temperature. The prob- 
lem, as has been seen from this brief review, has 
many ramifications and its speedy solution is 
therefore very desirable. 
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Discussion 

Dr. Kcssel: To start with, I have a small 
pebble to throw, but 1 don’t know whether it 
is aimed at Kistiakowsky or at Rice. The 
historical reason tliat i^iice became interested 
in free radicals was tliat he found it hard to be- 
lieve in such a reaction as the direct formation of 
Hg and C2H4 from Cidie. He thinks it is too 
complex a process to occur in one step, since two 
hydrogen atoms must s|)lit from different carbon 
atoms and become bound to each other. He likes 
to write reactions wliich involve the break of only 
one bond without rearrangement. Hence he 
thinks tliat CH8CH2CH«iC'H2 decomposes to 
+ C2H4, and CHsCHCHoCHs to CHa + 
CsHe. Thus to get CsHc from methyl w-butyl 
ketons, you have to violate Rice’s rules. 

Dr. Kistiakowsky: I am willing to do that, 
since the reasoning of Rice which you outlined 
does not appear very convincing to me. 

Dr. Kassel : As 1 say, I don’t know where the 
pebble was aimed. 

Dr. Bodes: Thermal oxidation of acetaldehyde 
in the vaixir phase takes place at 60 ®. Can one 
break the bond at 60 ® and obtain free radicals in 
sufficient numbers? 

Dr. Kistiakowsky: Yes, if the chains are long 
enough. However, I have not meant to give tte 
impression that in oxidation the same radicals 
carry the chain as in simple decompositions, I 
only meant that it is quite possible that the pri- 
mary step is the same, although the mechanism 
of oxidation is different in details from the 
mechanism of decomposition. 
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Df. Bates : Your oxidation mechanism is really 
a peroxide mechanism. It is, of course, identical 
with the mechanism of the oxidation of the free 
methyl groups. Here a peroxide is formed and 
andther methyl iodide collides with the peroxide 
to give alcohol plus aldehyde. 

jPr, KisHakowsky: I have not thought of that 
connection. You are quite right, it is the same 
mechanism. 

Dr, Rollefson : In this mechanism, how do you 
account for the variation in the amount of hydro- 
gen produced as the wavelength is varied ? 

Dr, Kistiakowsky : I first heard of it from the 
letter of Leighton. It seems to me that it is 
not at all difficult. It is only reasonable to 
assume that with decreasing wavelength of ab- 
sorbed light the kinetic energy, with which the 
two parts of the aldehyde molecule fly apart, 
increases. As the energy increases, the chance of 
COH to be decomposed increases also. 

Dr. Rollefson : Another way of tiaving hydro- 
gen formed in these decompositions is to have 
two HCO radicals react with each other to give 
hydrogen and carbon monoxide. If the rate of 
this reaction is assumed to be slower than the rate 
of the reaction between the alk>l groups and 
HCO, then only a small amount of hydrogen 
would be formed. As the wavelength of the light 
is decreased, the HCO radicals formed would have 
more vibrational energy which might increase the 
rate of reaction between two HCO groups and 
thus increase the amount of hydrogen formed. 

Dr, Bates: Such a mechanism does not agree 
with the evidence obtained from the mercury 
sensitized formation of formaldehyde. The HC(>) 
groups formed in this reaction undergo an addi- 
tion reaction to form glyoxal and the yield of this 
process is quite good. 

Dr, Rollefson: That would be a definite ob- 
jection to my suggestion. 

Dr. Kassel: It would probably be difficult for 
vibrational energy of HCO to help the reaction 
between the HCO groups to form hydrogen. 
Vibrational energy persists for perhaps a thou- 
sand collisions, but it is hard to imagine 0.001 of 
all the molecules at any time being HCO. 

Dr. Kistiakowsky: The formation of glyoxal 
may be a serious objection to the mechanism dis- 
cussed in my paper, although the HCO groups 
are supposed to be removed rapidly by their re- 
action with CH3. 

Dr. N<oyes: Am I right in remembering Leer- 
maker's results at room temperature, in which the 
photolysis of acetaldehyde seemed to take place 
partly by each of the two mechanisms? 

Dr. Kistiakowsky: He had to assume, in 
order to explain the temperature coefficient, that 
not every molecule decomposes upon absorption 
of light 


Dr. Bates: There lias been a recent paper by 
Terenin on the fluorescence of polyhalides which 
show the band fluorescence of halogen molecules. 
This he cites as proof of Norrish's theory of 
ketone decomposition. But the fluorescence could 
be due to recombination of halogen atoms. 

Dr. Rollefson: The probability of getting 
fluorescence by a recombination process is very 
low. KondratjeflT has found that only one in 10® 
collisions between halogen atoms results in re- 
combination with the emission of light. Even 
under the most favorable conditions, the number 
of effective collisions probably would not exceed 
one in a million. 

Dr. Noyes: For further argument, the fluor- 
escence is proportional to the incident intensity 
and not to the square of it. 

I believe West presented a paper, to the 
New York meeting of the Chemical Society, in 
which he found acetaldehyde to give free radicals 
by using the ortho-para hydrogen conversion. I 
think it is necessary, however, to assume that the 
CHsCO group has a long life, unless the low 
quantum yield is ascribed to the primary process. 
One cannot get CO to combine with CHa groups 
to give acetone. I have tried it more or less 
foolishly, producing methyl groups photochemi- 
cally from lead tetramethyl. The reaction was 
certainly much too slow to account for the low 
yield in acetone photolysis 

Dr. Kassel: Everyone who has used CH3CO 
has wanted it to have a fairly long life for a 
variety of reasons. 

Dr. Leermaker: In connection with Professor 
Kistiakowsky's interpretation of the mode of de- 
composition of long chain ketones, unpublished 
results on the high temperature photolysis of 
some aralkyl aldehydes and of valeraldehyde are 
very interesting. 

I have studied the photodecomposition of 
phenylacetaldehyde, h} drocinnaniic aldehyde and 
valeraldehyde at temperatures of 180® C. and 
with light of wavelength 3130A, At this wave- 
length, the light is absorbed in each of these cases 
almost entirely by the carbonyl group, as Profes- 
sor Kistiakowsky has shown ; the primary photo- 
chemical process can safely be assumed to be the 
same as that occurring in acetaldehyde. The 
significant facts are that of the quantum yields of 
decomposition of these three compounds none is 
greater than unity at 180® C., whereas with 
acetaldehyde at this temperature they are of the 
order of 10 to 20. 

The latter facts offer strong support to the 
idea that when radicals larger than methyl are 
liberated in the photolysis of ketones and alde- 
hydes, these larger radicals are unstable and 
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suffer thermal degradation or, when possible, re- 
arrange. Either the radicals are of insufficient 
activity to propagate a chain or they disappear; 
it seems improbable that at the temperature of 
the measurements there would be insufficient 
activation energy to allow the radicals to undergo 
thermal reactions, and we are led to l>elieve that 
degradation occurs. With acetone it seems fairly 
certain that the methyl radicals do react with ace- 
tone at 180*^, but that the product of such reaction 
is unstable and cannot enter into a chain. 

It would be very interesting to study the ther- 
mal decomposition of azomethane in the presence 
of acetone. Azoniethane is known to liberate 
methyl radicals on thermal decomposition, and 
these radicals should react with acetone to liber- 
ate methane, if my mechanism of the acetone 
photolyvsis is correct. 

In connection with Professor Kistiakowsky's 
remarks on photochemical oxidation reactions, 
mention might be made of the excellent experi- 
ments of Bates and Spence on the oxidation of 
free methyl radicals. The radicals were liberated 
by photolysis of methvl iodide, and their subse- 
quent history in the presence of oxygen was 
studied. It may be possible to obtain very inter- 
esting and illuminating results by photolyzing 
acetaldehyde in the presence of oxygen, and care- 
fully studying the reaction products and the 
mechanism of the reaction. Some correspondence 
between the course of such reaction and the 
course of the reaction studied by Bates and 
Sj)ence might be expected. 

Dr, Backstrom : I quite agree with Kistiakow- 
sky that the change of an aldehyde molecule u|K)n 
light absorption into a radical with a free valence 
on the oxygen and another on the carbon repre- 
sents nothing but an electronic shift and should 
manifest itself by the ap})earance of discrete 
bands in the absorption s])ectrum. However, just 
this type of spectrum is shown by the aldehydes 
in the near ultraviolet, and I am sure that Kis- 
tiakowsky is aware of this fact, although he does 
not specifically mention it except in the case of 
formaldeliyde. Therefore in this wavelength re- 
gion, which is highly active in promoting the oxi- 
dation of the aldehyde, there can he no (jiiestion 
of a primary dis.sociation of the light absorbing 
molecule; but, if I have understood Kistiakowsky 
correctly, he prefers to assume that a dissociation 
takes place as a secondary process on collision 
with other molecules. 

This possibility, however, seems to me to 1)e 
effectively excluded by the available experimental 
evidence. In the case of benzaldehyde, for in- 
stance, we know from the work of de Ilemptinne 
that wavelengths below 2700 A cause benzalde- 
hyde vapour to decomjxise into C«H« and CO, 
whereas no such effect is obtained on irradiation 


with longer wavelengths. From my own expert 
ence I may state that liquid benzaldehyde, which 
is sealed up in a glass tube, may be exposed to 
the sun or a mercury arc until more than half of 
the aldehyde has been transformed into polymeri- 
zation products, without any gas pressure being 
noticed on opening the tube. There is thus no 
sign of dissociation under these conditions. From 
experiments in the presence of oxygen, on the 
other hand, we know that the wavelengths which 
pass through glass are at least as effective in 
starting oxidation chains as the shorter wave- 
lengths. 

These are some of the facts upon which my 
conception of the reaction mechanism is based; 
others are given in a paper in Z. phys. Chem, 
(ref. 28). 

As emphasized by Kistiakowsky, the region of 
sharp bands, which in the case of the aliphatic al- 
dehydes is rather short, is succeeded on the short 
wavelength side by a region of predissociation 
bands. If oxygen is present, illumination with 
light within this region gives rise to oxidation 
chains. From the character of the spectrum, one 
is justified, in this case, in assuming that the 
jirimary act is a dissociation of some kind, and I 
wish to point out, that a di.ssociation, KCHO = 
RC'O -j- H, as discussed by Kistiakowsk\', would 
fit in very well with the chain mechanism which I 
have proposed, since this mechanism is l)ascd on 
the reactions of acyl radicals. However, there 
.seems to be a distinct possibility that in this ca.se, 
as well, the primary act is the formation of a 
radical KC'IfO — with two free valences; the 
only difference l>eing that with decreasing wave- 
length, i.e. with increasing vibrational energy, this 
radical ])ecumes increasingly unstable and more 
short-lived. 

Kistiakowsky points out, in discussing the pre- 
dissociation slate of the molecule, that “since the 
time between ab.sorption of light and decomposi- 
tion is here appreciable and may be even longer 
than the average time between molecular colli- 
sions at moderate gas pressures, it is conceivable 
that the activated molecule may undergo some 
other reaction on collision instead of decomposi- 
tion. or even lose its energy in this manner. These 
considerations apply, of course, particularly to re- 
actions taking place in condensed phases.'’ 

In discussing the photodecomposition of the al- 
dehydes, however, he seems to forget aliout the 
former of these possibilities, since he mentions 
only the latter. This seems the more surprising 
as in this case a side-reaction is actually known 
to take place, namely, a polymerization of the al- 
dehyde. In the work of Leighton and Blacet on 
the photodecomposition of acetaldehyde, they also 
determined the quantum yield of polymerization 
and found that this yield increases with increas- 
ing wavelength. At a pressure of about 200 mm. 
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they obtained values of 0.1 and 0.47 at 2S37 A 
and 3130 A, respectively. Under the same condi- 
tions the quantum yield of decomposition de- 
creased from 0.9 to 0.2. Experiments at the lat- 
ter wavelength showed that with increasing alde- 
hyde pressure the rate of polymerization increases 
whereas the rate of decomposition decreavses. It 
is obvious, therefore, that there is a competition 
between these two reactions, which accounts for 
at least part of the deficit in the quantum } ield of 
decomposition. Judging by the figures of Leigh- 
ton and Blacet, the decomposition yield in liquid 
aldehyde may be expected to be very small in- 
deed; and 1 am inclined to the belief, therefore, 
that under these conditions, at least, the chains in 
the oxidation reaction are started in the same 


manner in the predissociation region as in the re- 
gion of sharp bands, i.e. by a reaction between a 
normal and an excited aldehyde molecule. 

As regards the Haber-Willstatter chain mech- 
anism of aldehyde oxidation, to which Kistiakow- 
sky refers in his paper, it seems to me that this 
reaction scheme might as well be left out of the 
discussion until somebody has shown how it can 
be modified to give the reaction products actually 
fonned ; in the case of benzaldebyde, for instance, 
benzoperacid and not l)enzoic acid. This fact, 
that the two oxygen atoms of the oxygen mole- 
cule are still linked to each other in the reaction 
product, seems to me to form the strongest pos- 
sible argument against the appearance of hy- 
droxyl radicals in the reaction chain. 


Combined Discussion of Papers by Professors Kistiakowsky and Rollefson with Special 
Reference to Their Bearing on the Photochemical Decomposition of Carbonyl 
Compounds 

R. G. W. Norrish 


The questions raised by Professors Kistiakow- 
sky and Rollefson in their introductory papers 
are very interesting to me. In discussing their 
papers, however, 1 must limit myself to refer- 
ring to those points on which we find ourselves 
in di.sagreeinent, pausing only to exj)ress my ad- 
miration of their masterly presentation of the 
main thesis. Their papers undoul)tedly put in a 
very clear way tiie principles which are guiding 
photocheniists in their present problems. 

When we first drew atttention in 193P^^ to 
what appeared an interesting point in the decom- 
position of aldehydes, we were limited entirely 
by the published data, which at that time sug- 
gested to us that the primary process is represent- 
ed by the reaction : 

R 

\ 

CO RH + CO. 

/ 

H 

Our conclusion was confined to aldehydes and 
we made no pronouncement about ketones for 
which no suitable data were in existence. Since 
that time, the work of Leighton and Blacet‘^^ 
on acetaldehyde and propionaldehyde has con- 
finned our view that between 90% and 100% of 
the aldehyde decomposes to give a single hydro- 
carbon. (Exception must be made of one iso- 
lated observation which widens these limits to 
80-100%). For reasons given below we cannot 
agree with Kistiakowsky when he says that “A 
primary formation of carbon monoxide and a 
Stable hydrocarbon seems to be out of the ques- 


tion because of the observations of Leermakers^®^ 
at higher temperatures.” It should be noted that 
Leermakers himself says in his paper^"^* that “it 
is possible there are two modes of decomposition 
of aldehydes, one resulting in radicals, and the 
other carbon monoxide and hydrocarbon direct- 
ly”. To this view, as a result of our studies with 
ketones we have ourselves for some time been 
strongly inclined, and we believe that by accept- 
ing it a great simplicity of hypothesis is achieved. 
To account for the chain reactions at high 
temperatures, and for the small quantities of 
hydrogen observed at low temperatures, it is 
only necessary to suppose that a small proportion 
(less than 10%) of the aldehyde decomposes in 
the way found by us for short chain ketones, i.e. : 

R 

\ 

CO -> R + H + CO 

/ 

H 

or 

R 

\ 

CO R -f HCO R + H + CO. 

/ 

H 

In agreement with this view, and in disagree- 
ment with the view expressed by Kistiakowsky 
it should be mentioned that Locker and Patat^®^ 
have l)een forced to the conclusion that molecules 
and not free radicals are produced from form- 
aldehyde both in the region of fine structure and 
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in the region of diffuse hands below 280 m/i, while 
their results at still shorter wavelengths in the 
continuum are inconclusive owing to the direct 
oxidation of the formaldehyde to formic acid and 
the photodecomposition of the latter to water and 
carbon monoxide. 

Not only do the experiments of Locker and 
Patat support our view but also those of Pear- 
son and we do not subscribe to the view that 
free hydrogen atoms and free hydrocarbon radi- 
cals would necessarily combine more rapidly than 
free hydrocarbon radicals themselves — certainly 
Rice^'^^ appears to have experienced no difficulty 
in the demonstration of the thermal production 
of free radicals from aldehydes by the Paneth 
method, and if they are similarly formed photo- 
chemically to any appreciable extent they would 
have, in our view, been detected. 

Moreover the primary mechanism involving 
the formation of the *CHO radical fiom form- 
aldehyde, and other aldehydes is difficult to rec- 
oncile with the statement made earlier in Kis- 
tiakowsky's paper that this radical yields form- 
aldehyde and glyoxal in varying proportions. 
The fact that the carbon monoxide is always 
produced in slight excess over the hydrogen in 
the decomposition of formaldehyde leaves little 
room for the polymerisation of this radical to 
glyoxal, and we conclude that it is not present in 
appreciable quantity. 

Hut apart from thisS, the quantitative data for 
formaldehyde are strongly against the production 
of free hydrogen atoms. The quatitum \ield 
remains unity over the range of wavelengths 250- 
330 There is no fluorescence between these 
limits, so we may conclude that throughout we 
are in a region of predissociation. Now the 
C-H bond is generally held to be of the order 100 
k.cal, while the magnitude of the quantum at 
330 trifjL is not greater than about 86 k. cal, and it 
is not until we reach a wavelength of about 
280 nijtA that the primary act postulated by Kis- 
tiakowsky can occur. 

Turning now to our studies with ketones, we 
believe that the results with methyl ethyl ketone 
and with acetone, as accepted by Leermake^s^®^ 
prove be\ond doubt the formation of free methyl 
and ethyl. The conclusions from the results of 
our detailed analysis have I:)een confirmed by 
Pearson^^* and we cannot agree with Professor 
Rollefson that there is any discrepancy witli the 
analytical data of other workers serious enough 
to throw doubt on these conclusions. Such dis- 
pepancies as exist are unimportant to the main 
issue, but we would emphasise the fact that in 
all our analyses we have carefully fractionated 
both gaseous and liquid products, and in nearly 
all cases succeeded in carrying out separate esti- 
mations of each product. The data of nearly all 


earlier workers are based on indirect analysis by 
explosion, and as such they cannot lay claim to 
the same accuracy. 

Our results with ketones do not show whether 
the two free radicals are produced in one act, or 
the one rapidly after the other due to the in- 
stability of the acyl radical, but we consider that 
the absence of any aa-dicarbonyl product is evi- 
dence against the existence of any comparatively 
stable acyl radical. The fact that aldehydes 
however give in the main a single hydrocarbon 
now inclines us to the view that the severance is 
simultaneous and not succesive. The idea brings 
with it an economy of hypothesis which to our 
mind is refreshing after trying to adjust the 
velocities of the manifold hypothetical reactions 
of atoms and radicals which have teen suggested, 
— to give the right answer. All that is neces.sary 
is to postulate a change in the multiplicity of the 
carbonyl group, from a triplet to singlet state. In 
this way carbon monoxide is a primary product 
and the two free radicals are left *‘high and 
dry*'. The energy required for the whole change 
is not greater than 80 k. cal. and agrees in gen- 
eral with the threshold of photochemical activity 
in the spectrum. It is then not difficult to 
imagine that in the case of aldehydes the greater 
mobility and proximity of the hydrogen atom to 
the alkyl radical nearly always results in the pri- 
mary formation of a hydmearbon, while with 
ketones, considerations of steric hindrance, and 
the relative immobility of the alkyl radicals re- 
sult in their escaping se|mrately from the decom- 
posing molecule. 

Our results with cyclic ketones^^^^ are in full 
accord with this view and we appreciate the fact 
that Professor Kistiakowsky has laid stress on 
the difficulty that these substances create for his 
theory. If other acyl radicals are stable enough 
to wait for chance recombinations in the gas 
phase, it is difficult to see why free acyl radical 
produced by the rupture of a cyclic ketone should 
not be similarly stable. Yet in spite of the fact 
that the chance of recombination in this case 
must be much greater, since it is located in the 
ruptured molecule itself, Kistiakowsky is driven 
to assuming that there is a rapid and spontaneous 
decomposition by the liberation of carbon mon- 
oxide, before such recombination can occur. In 
short, in the case of cyclic ketones, he comes pre- 
cisely to our declared way of thinking in an en- 
deavor to avoid the consequences of his own 
theory. 

With aldehydes and ketones with long chains^^^^ 
we have found what we conclude to be an entire- 
ly different primary mechani.sm of decomposition. 
Thus, with methyl butyl ketone more than 90% 
of the reaction follows the course : 
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CH, 


\ 


CHa 


CO- 


CHaCHaCHa CH* 


/ 


+ 


\ 


CHsCH : Cria CH, 


/ 


CO. 


This we regard as the primary change, and con- 
clude that it is preceded by a transfer of energy 
from the chromophoric group (the carbonyl 
group) to the point of reaction. Professor Kis- 
tiakowsky on the contrary seeks to explain the 
results on the assumption that free butyl radicals 
are first liberated ; that these decompose to propy- 
lene and methyl, and that the methyl and acvl 
groups recombine to yield the acetone. It is ex- 
tremely doubtful however if this mechanism 
could give rise to a yield of acetone, nearly equi- 
valent to the propylene such as we find, and we 
should certainly expect to find greater quantities 
of ethane, and carbon monoxide than actually 
appear. If I may be permitted to refer to un- 
published work I would cite the experiments of 
my collaborator ]ll(x:h who lias recently stud- 
ied the same decomposition in approximately 
monochromatic light at a temperature of 127°C. 
He finds the proportions of the products un- 
changed : thus at a temperature approaching that 
suggested by Kistiakowsky as a crucial test, the 
evidence is against his theory. 

His theory cannot be sustained however on 
other grounds. With the vapour of menthone 
Bam ford and I have recently found that the 
main primary decomposition may be represented 
as 


be about equally distributed between the two 
types i.e: 


CHsCH: CHs-f CH, 


CH, 


\ 


CH, 



/ 


CO 


H 


(a) 


CH, 

CH^rClI, -f CH, 



CIIsCHiCH, / CO 

CTIgCHsCH, 


All the products have been isolated in a quanti- 
tative manner and the full analytical results upon 


CHa-CH-CH, 


CH 

/ \ 

HaC CO 

I I 

H2C CH2 

\ / 

CH 

I 

CHa 


CHa-CHiCHa + 


CHo 

/ \ 

H 2 C CO 

I I 

1 I 2 C CH 2 

\ / 

CH 

! 

CHa 


It would seem to strain the free radical theory 
too much to account for this change, for no rup- 
ture of either carbonyl bond could conceivably 
give rise to these products. On the other hand 
the hypothesis of energy transfer from one part 
of the molecule to the other provides a simple 
and adequate explanation of the analytical data. 

In our view this type of cliange will be found 
to be at least as frequent as that by which the 
simpler carbonyl compounds decompose. We 
have found that it holds both for iso-valeric 
aldehyde (a) and for dipropyl ketone (b) though 
here the probability of decomposition appears to 


which we base these equations will be published 
at an eaily date. 

It will be seen that in the four cases studied, 
i.e. methyl butyl ketone, iso-valeric aldehyde, 
dipropyl ketone, and menthone, the primary rup- 
ture occurs between carbon atoms lying in posi- 
tions a and P to the carbonyl group. So far then 
this appears to be a general rule for this t}pe of 
decomposition, and we thus have the additional 
simplicity that in four molecules of quite varied 
shape our energy transfer has taken place in pre- 
cisely the same way. If it is sought to explain 
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these reactions in term of free radicals, then it 
will be necessary to account for this uniformity 
of behaviour. 

To recapitulate: the decomposition of carbonyl 
compounds may be explained on the basis of two 
types of primary reaction: 


For ourselves, we prefer tire via media and, 
while admitting the increasing importance of the 
reactions of radicals at the higher temperatures, 
see no reason to abandon our theory until some 
fact arises to disprove it, 

I regret that lack of space and time prevent 


Type ( 1 ) ; 


R 


\ 


II 


/ 


CO 


aldehydes 


Ri 

\ 

CO- 

/ 

R2 

ketones 


R 


H 


Ri 


IR2 


+ CO 



+ CO 



RH + CO 

R -f H -f CO 
Ri Ra + CO 

Ri + R2 + CO 


Type (2) ; 


CII3 (CH2)„ 


\o-^CH8 (CHa)„_3CH:CH8 + CH* 

/ \ 

R CO 


aldehydes and ketones 


R 


/ 


Type (1) predominates in the case of carbonyl 
compounds with short chains, type (2) in the 
case of carbonyl compounds with long chains, 
but type (1) persists longer in the aldehvde than 
in the ketone series. 

Given these two primary reactions all the ex- 
tensive analytical data are satisfactorily explain- 
ed, while the direct experiments of Locker and 
Patat^®^ and Pearson^®’ with formaldehyde, ace- 
tone, methyl ethyl ketone and meth\'l butyl ketone 
are in full agreement. 

F^or the reasons stated alxjve it is not a])parent 
that the same advantages can be claimed by those 
who would press for an explanation of all the 
facts entirely in terms of free radicals ; and while 
fully admitting the importance of free radicals 
in the study of chemical reactivity we consider 
it unjustifiable in the present instance to take the 
extreme view that their reactions (in many cases 
hypothetical) can be responsible for all the ob- 
served facts. The question is controversial: if 
the extreme exponents of free radicalism can 
deal satisfactorily with the objections raised above 
it will remain so. If they cannot they are in a 
weak position. 


any further reference on my ])art to many of 
the other views expressed ))y Professor Kollef- 
son in his interesting paper. Some of the points 
raised by him however, 1 have further discussed 
in a forthcoming paper in the “Acta FMiysico- 
chimica'’ of the Soviet Union. 
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THE CHEMICAL PROPERTIES OF X-RAY ACTIVATED MOLECULES WITH SPECIAL 
REFERENCE TO THE WATER MOLECULE 

Hugo Frjcke 


Studies of the influence of X-rays on vital 
processes have, in many cases, been brought to 
the point where speculations based on general 
chemical principles can be made profitably. The 
need for such a general ix)int of view is especial- 
ly felt by the biologist when he compares the 
biological effects of X-rays with those of light, 
and attempts to correlate the similarities and dif- 
ferences between these two agencies. Tht genetic 
effects of radiation form a favorable field for 
such theoretical considerations, for we observe 
here changes assumed to be referable to cliangcs 
in a single structure of molecular dimensions, the 
gene, or perhaps even to a cliange in a compara- 
tively small molecular group of such a structure. 

According to the present ideas of phot(Jchein- 
istry, the difference in chemical effects produced 
by X-rays and by light of a ])articular wave- 
length lies in the difference between the types of 
activated states produced in the two cases, those 
produced by X-rays being generally at higher 
energy levels than those produced by light. A 
considerable number of the activated states pro- 
duced by X-rays involve ionisation, as may be 
concluded from the high conductance act [ui red by 
gases irradiated with X-rays. The number of 
ion pairs produced by the absorption of a fixed 
amount of X-ray energy is nearly the same for 
all gases, and is at the rate of one pair for each 
thirty electron-volts of energy absorbed. 11ic 
minimum energy required for the ionisation of 
a molecule is of the order of fifteen electron- 
volts. The difference represents energy expended 
in the production of states below the point of 
ionisation, and the excess energy required to pro- 
duce states beyond the point of ionisation. We 
may conclude that at least half of the absorbed 
X-ray energy is expended in the production of 
ions, while at the most half of the energy is used 
in producing non-ionised states. This conclusion 
as to the prevalence of ionised states is in keep- 
ing with the fact that when endothermic reactions 
are produced by irradiation with X-rays, the 
number of molecules transformed is generally of 
the same order of magnitude as the number of 
ion pairs produced by aI)sorj)tion of the same 
amount of X-ray energy in a gas. 

Our knowledge of the lower states of activation 
of molecules is chiefly derived from spectro- 
graphic evidence, as has been described earlier in 
this symposium. Limiting ourselves to a very 
schematic presentation, we may say that molecules 
can take up energy by two methods. In the first 
place we have the energy of the movement of the 


molecule as a whole, translational and rotational, 
and the energy of the vibrations of the various 
parts, atoms and atomic groups, in respect to each 
other. In the second place, with each valence 
electron there is associated a certain number of 
activated states, corresponding to the removal of 
the electron to its various quantum orbits. These 
states are reflected in the absorption spectrum of 
the molecule as a series of bands. The limiting 
state in this series is that in which the electron 
is completely removed from the molecule, this 
being the lowest state of ionisation. The energy 
required for ionisation, however, always exceeds 
that required for the dissociation of the molecule 
into its uncharged components. Before ionisa- 
tion occurs, states are reached in which the acti- 
vation of the molecule leads to its dissociation, 
this being shown in the spectrum by a region of 
continuous absorption As wc su])ply the mole- 
cule with amounts of energy in excess of that 
required for ionisation, either the surplus energy 
may be utilized as kinetic energy of the liberated 
electron, or excitation of the ionised molecule may 
occur. Since the corresponding wavelengths are 
situated in a very inaccessible part of the spec- 
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Fig. 1. Activated states of the nitrogen mole- 
cule, as determined by measurements of critical 
potentials. The energy of the various states is 
given in electron volts and in equivalent wave- 
lengths. 
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TABLE 


A Comparison of Chemical Effects Produced 


IRRADIATED 

SYSTEM 

a-RAYS 


REACTION 

M/N* 

WAVBL^OTH (A) 

H 20 

None 



02 

30a ~ 208 

3(Oa) 

2530 (av.) 

1750 - 2070 

COa 

None 



CO 

CO 2 + C + solid suboxides 
of carbon (C 802 )x 

1-3 (CO) 


NH* 

ZNHs = Na 4- 3Ha j 

1-3 (NH.) 

2100 

CH* 

1 

2 CH 4 = CsHe + Ha ! 

xCH 4= (CHa), (liquid) +xHs 

about 2 (CH 4 ) 


CHa-.CHa ' 

1 

Chief reaction; polymerization^ 
being^ formed (liquid); 
hydrogen and methane also 
formed in email amoimte. 

5 (C 2 H 4 ) 

2000 

CHiCH 

Polymerization. (CH)x (solid) 
formed. (Cuprene). Also small 
amount of 

20 (CaHa) 

2050 - 2200 

CnH 2 n + 2 

Chiefly hydrogen; smaller 
amounts of methane and other 
lower and higher hydrocarbons. 

about 2 (CnHan+a) 


Ha + Oa 

2 H 2 + 02 = 2 H 2 O 
(Small amounts of also 

found.) 

1 

4 (HaO) 

Sensitization with 
Hg 2537 

1860 

1720 

CO 2 H 2 

COa + 2Ha = HaO + (HaCO), 
(white, wax-like solid) 

1.7 (COa -K Ha) 

I — 

I 

COa + CH 4 

(HaCO), 

(white, wax-like solid) 

.75 (CO 3 -f CH 4 ) 


CO + Ha 

(HaCO), 

(white, wax-like solid) 

3.3 (CO -f Ha) 

Sensitization with 
Hg 2537 

Ns + Ha 

Na +3Ha = 2NHa 

.2 (NH.) 


♦M/N ratio of 

mole transformed, or produced, to number of ion pairs. 



trum, usually below 1000 A, we have little knowl- molecules is studied as a function of the electronic 
edge of these states from spectroscopic evidence, energy. 

but our information on this subject is chiefly In Fig. 1 are shown activated states of the 
derived from electrical measurements in which the nitrogen molecule, as determined by this method, 
result of collisions between electrons and gas The ionisation potential of nitrogen is 16.5 volts, 
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L 


by Irradiating Gases with a-Rays and Light, 


LJQHT 

REMARKS 

TJTPE OF 

activation 

REACTION 

QUANTUM 

EFFICIENCY 


No data 



Oa* 

O 4- O* 

30a = 20a 

1.5 (O.) 

3 (O,) 



No data 




No data 



NHa + H(?) 

2 NHs = Na + SHa 

.25 (NHa) 



No data 



' 

CH3:CHa = CH.CH + Ha 




Polymerization. 

(CH)x formed. (Cuprene?) 

9 (Calla) 



No data 



H + H 

Os,* 

0 + 0 

1 

H. + Oo = H 2 O 2 

O3 dominates — also Hj,Oo (SH^O ? ) 
O3, and Hj,0 are formed. 

1.2 (HoOa) 

1 Quantum yield depends 
i on ratio of pressures of 
( Og and Hg, in a manner 

J theoretically explainable. 



No data 




No data 



r '■ 1 

Ha = H+Hi 

CO + Ha = HaCO 

2 CO + Ha = (HCO)a 

1.4 (aldehyde groups) 


1 

No data 

i 

Ammonia is iiot(4) pro- 
duced by passing elec- 
trons of up to 30 elec- 
tronic volts through 

Ng + (at low tem- 

perature). 


at which potential is produced. At poten- 
tials around 19 volts excited states of N 2 *^ are 
obtained, giving rise to the emission of the so- 
cailed negative bands of nitrogen. At 28 volts, 
there is some evidence that is produced. 


The states below and including dissociation are 
usually within the accessible parts of the spec- 
trum, and our knowledge of the chemical proper- 
ties of molecules in these states is comparatively 
extensive. While some reactions are known 
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which are associated with molecules in activated 
states below that of dissociation, as for example, 
the production of ozone from oxygen by irradi- 
ation with 2500 most known photochemical 
reactions take place as the result of dissociation. 
At this point, free atoms and radicals are pro- 
duced, and changes occur which are the result of 
their rearrangement in new molecules. An im- 
l>ortant point as to specific chemical effects pro- 
duced with X-rays is to what extent the transfer 
of amounts of energy to a molecule l>eyond that 
required for dissociation leads to the occurrence 
of new types of chemical reactions ; but at pres- 
ent this cannot be answered. The exj>erimental 
diffiplties in imparting such energies by means 
of light are great, since the required wavelengths 
usually are below 1000 A. 

The chemical properties of molecules in their 
higher states of activation have been studied by 
excitation with alpha-rays from radium in 
electric discharges such as the spark, arc and 
Geissler tubes, in addition to X-rays. There are 
also a few investigations of the chemical reactions 
produced by l)ombarding gases with electrons of 
known velocities, in particular on formation of 
ammonia from nitrogen and hydrogen<^> ‘‘'‘k One 
may hope for important results from this method, 
but so far the interpretation of the results obtain- 
ed is not clear. 

Lind and his collaborators^''*^ have carried out 
a very extensive work on the chemical reactions 
produced with alpha-rays, and in Table 1 are 
given the results of some of his experiments 
and a comparison with results obtained by the use 
of light. The table shows the general similarity 
of the transformations produced by these tw'o 
agencies. In such cases where the effects pro- 
duced by light change qualitatively with wave- 
length, there is a greater similarity, as is to he 
expected, between the effects of alpha-rays and of 
light of the shorter wavelengths. It may be noted 
that neither water nor carbon dioxide can he de- 
composed with alpha-rays. A difference is shown 
between the effects of alpha-rays and light, in 
the case of the irradiation of ethylene. With 
alpha-rays, a liquid polymerization product is 
farmed with only small amounts of hydrogen 
appearing, while with light around 2000 A, the 
transformation of the ethylene to acetylene and 
hydrogen follows. 

In the case of X-rays, systematic work on their 
chemical effects has been carried out for aqueous 
solutions only. Gas-free water is not changed by 
irradiation with X-rays^®* ; the X-rays, however, 
cause an activation of the water molecules, as is 
shown by the fact that irradiation can bring 
about the chemical transformation of substances 
present in the water in such a high dilution that 
their direct activation by the rays is negligible. 


Particularly simple results have been obtained 
for certain compounds capable of adding an oxy- 
gen atom, including the nitrite, arsenite and sele- 
nite ions. Irradiation of a solution of any one of 
these molecules causes its oxidation, and hydrogen 
is produced in the equivalent amount. For ex- 
ample, for the nitrite ion, the reaction may be 
written 

NO,- -f (HsO.et N03~ + Ha. 

For a dosage of 1000 r, and per 1000 cc. of 
solution* for each of tliese molecules 0.55 micro- 
mols are transformed, irrespective of the concen- 
tration of the solution, and of the hydrogen ion 
concentration. 

In attempting to bring the various reactions 
which have been studied into a connected wscheme, 
one may postulate the production of different 
types of activated water molecules. We can as- 
sume that the reactions just discussed are caused 
by one particular type of activated molecule des- 
ignated by (HsOj'not, this molecule being pro- 
duced at the rate of 0.55 micromols per 1(W0 cc. 
and per 1000 r. 

The finding that X-rays do not decompose 
water came rather as a surprise, since there are 
experiments on record in which water has been 
decomposed by irradiation with a-rays^'^b A pos- 
sible explanation of this apparent inconsistency 
is suggested by recent experiments in which it is 
found that w'ater can he decomposed by X-rays 
in the presence of certain molecules acting cataly- 
tically. We have particularly investigated this de- 
comjHxsition in the case of the iodide The 

reaction occurring depends on the hydrogen ion 
concentration. In acid solution, hydrogen and 
hydrogen peroxide are produced ; in Ijasic solu- 
tion, the same amount of hydrogen is obtained, 
but instead of hydrogen peroxide, oxygen is pro- 
duced in an amount corresponding to the decom- 
position of the peroxide into oxygen and water. 
The amount of hydrogen produced is 0.55 micro- 
mols per 1000 cc. and per 1000 r. There is no 
observable change in the concentration of the 
iodide. 

The heat of reaction for the decf)mix)sition of 
two gram molecules of water into one gram 
molecule of hydrogen and one gram molecule of 
hydrogen peroxide, is 91 Cal. Since the rate of 
decomposition is .55 micromols of H 2 /IOOO cc X 
1000 r, we may assume that the decomposition 
takes place according to : 

(H2O) act “F H2O = H, -f* H2O2 

♦ A dosage of 1 r unit produces an ionisation of 1 

electrostatic unit In 1 cc. of atmospheric air at 

O^C. and 760 mm. 
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and conclude that the energy content of (HaO)',^ 
is at least 91 Cal. per gr. molecule. 

Besides (HaO)',^. our work indicates the pro- 
duction of at least one other s{)ecies of activated 
water molecule, designated (HaO)"act, and 
formed in the amotmt of 2.2 micromols per 1000 
cc. X 1000 r. This molecule has the particular 
ability of bringing the oxygen molecule into a 
reactive state. As an example, we may mention 
the action of X-rays in solutions of ferrous sul- 
phate'** '^**. In gas free solution, the ferrous ion 
is oxidized to the ferric ion, with the equivalent 
production of hydrogen, and at a rate depending 
on the hydrogen ion concentration, as shown in 
Figure 2. If oxygen is present, the quantity of 



Figure 2.* The oxidation of ferrous sulfate in sul- 
furic acid as a function of the pH of the irradiated 
solution; 1, gas free; 11. oxygen present. 


ferrous ion oxidized is increased by a fixed 
amount: 8.8 micro-equivalents per 1000 cc. 
and per 1000 r. For this increased oxidation 
(H 20 y\ct. is assumed to be responsible, each 
(H 20 )"ttct. activating one oxygen molecule, lead- 
ing, for each (ll20)"«(.t, to the oxidation of 4 
equivalents of ferrous sulphate. 

It is of interest to compare the numbers of 
activated water molecules with the number of ion 
pairs which would be produced in the water if 
we could collect all the ions. This we cannot do 
in practice, but we may refer to the ionization 
produced in the same quantity of water vapor. 
This is not known by actual experiment either, 
but since it is found tliat the ionizations produced 
by absorbing a fixed quantity of X-rays by a 
number of gases, including hydrogen, oxygen and 
nitrogen, are nearly the same, we may assume 
that the ionization would be the same also for 

^Ftgurea 2, 3, 5, 6, and 7 have appeared in the 
Journal of Chemical Physics, and are used here with 
the permission of the editor of that journal. 


water vapor. On this assumption we calculate 
that a dosage of 1000 r produces 2.8 X 10““® 
gram ion pairs in 1000 g. of water. 

I shall now select for discussion a few of the 
reactions which we have studied and which are 
particularly interesting from the point of view of 
the biological effects of X-rays. Since 60 or 
70% of the cell is water, we should expect that 
the reactions due to the activation of the water 
would play an important role in the changes pro- 
duced by the rays, in addition to the changes due 
to the direct X-ray activation of the other consti- 
tuents of the cell. 

It has often been suggested that a primary pro- 
duction of hydrogen peroxide by the X-rays is 
in part responsible for their biological effects. 
Irradiation of water containing gaseous oxygen 
causes the production of hydrogen peroxide, 
the amount produced being independent of the 
ox>gen pressure, down to 4 cm. of Hg., and de- 
pendent on the hydrogen ion concentration, as 
shown in figure 3, where dosage curves are given 
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Figure 3. The production of hydrogen peroxide 
as a function of X-ray dosage for different values 
of the hydrogen ion concentration. 


which represent the results of irradiating solu- 
tions of pH ranging from 2.0 to 12.0. I'hc de- 
viation of the dosage curves from linearity, in the 
low pH range, is due to the decomposition of the 
hydrogen peroxide by the rays. At higher dosages, 
the curves all become straight, with the same 
slope as observed in basic solutions and the 
amount of hydrogen peroxide produced in this 
range is 1.1 micromols/ 1000 cc. X 1000 r. If 
each oxygen molecule by activation produces 2 
molecules of hydrogen peroxide, the number of 
oxygen molecules activated is 0.55 micromols 
( (H20)'ttct.). It may be observed that an in- 
fluence of the hydrogen ion concentration is com- 
mon to a number of reactions and in general we 
find tliat X-rays exert greater chemical activity 
in acid than in basic solution. 
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Certain of the reactions occurring when solu- 
tions containing free oxygen are irradiated, may 
be considered as due to a primary production of 
hydrogen peroxide. However, there are a num- 
ber of reactions produced by X-rays which can- 
not be produced by adding hydrogen peroxide. 
In some cases we find that the irradiation induces 
reactions which can also ht obtained with hydro- 
gen peroxide if we give the hydrogen peroxide 
sufficient time to act. This is shown by the re- 
suits in figure 4. If we irradiate potassium 



Figure 4. The reduction of chromate by X-rays 
as a function of acidity. Curve I, Q, irradiation 
of N/9000 chromate; Curve 11, Q, irradiation of 
sulfurtc acid and addition of chromate and strong 
acid immediately; Curve m, irradiation of 
sulfuric acid, addition of chromate iimmediately, 
and of strong acid sixteen hours later; Curve III, 
y, addition of hydrogen peroxide to N/9000 chro- 
iwte and of strong acid sixteen hours later. 

bichromate in strong acid solution (pH smaller 
than 1) and in the presence of free oxygen, the 
chromate is reduced to the same extent as ob- 
tained when we irradiate the solution without the 
bichromate (thereby producing hydrogen perox- 
ide), and thereafter add this irradiated solution 
to the bichromate. At a pH between 3 and 4, 
irradiation of a solution of bichromate has no 
effect. If at this pH, we add hydrogen peroxide 
to the solution of bichromate we find that there 
is no immediate action. However, very slowly, 
over a period of days, the hydrogen peroxide de- 
composes with no change of the bichromate. At 
this particular pH, the bichromate causes the 
catalytic decomposition of the hydrogen peroxide ; 
evidently, therefore, we may explain the lack of 
action of the X-rays on bichromate at a pH of 
3.5 by assuming that hydrogen peroxide is pro- 
duced initially in a highly reactive form which 
allows its immediate decomposition by the bi- 
chromate. 

The decomposition of hydrogen peroxide by 
X-rays introduces another principle which has an 
important bearing on the action of the rays on 


the cell. In this reaction, a dependence on the 
X-ray intensity is found to exist. In all other 
reactions which wc have investigated, the 
formations produced are dependent solely on the 
total dosage given, independent of the intensity 
of, or of the time used for, the irradiation. As 
shown in figure 5, the amount of hydrogen perox- 



Pigurc 5. Decomposition of hydrogen peroxide 
as a function of: (A) Square root of concentration 
(C in micromole per 1000 cc.) for an intensity of 
9.5 r/sec. (B) Inverse square root of intensity (I 
in r/sec.) for a concentration of 1.0 millimol HjjOjj 

per 1000 cc. 

ide decomposed per unit of dosage varies in- 
versely as the square root of the X-ray intensity. 
It will also be noted that the rate of decomposi- 
tion increases as the square root of the hydrogen 
peroxide concentration. The decomposition pro- 
ceeds according to 

2U2O2 = H2O + O2 

with no production of hydrogen. 

A dependence of the chemical effect of X-rays 
on their intensity will probably only be found 
for exothermic reactions. For these, such a 
dependence may not be unusual, although for the 
few exothermic reactions which we have studied 
besides the decomposition of hydrogen peroxide, 
wc have found no dependence on the intensity. 
It is a fact, very important for the therapeutic 
usage of X-rays, that their biological effa'ts in 
certain cases show dependence on the intensity. 
It has usually been assumed that this dependence 
was due to a cliange of the biological material 
during the irradiation, but the results obtained for 
the decomposition of hydrogen peroxide show 
that a dependence of the primary chemical re- 
actions on the intensity may also be responsible. 

The decomposition of hydrogen peroxide is also 
the only reaction we have studied which shows 
an appreciable dependence on the temperature.^’*^^ 
(Fig. 6). 

The description of results obtained in irradiat- 
ing solutions of organic materials is particularly 
pertinent. A considerable number of organic 
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Figure 6. Decomposition of hydrogen peroxide 
as a function of the temperature for an X-ray in- 
tensity of 3.0 r/sec. and a concentration of 1.0 mil- 
limol HjOg per 1000 cc. 


molecules, particularly those of the aliphatic 
series, have been studied^^^’ In all cases, 

hydrogen is produced, and for certain highly 
oxidized tyt)es of molecules, carbon dioxide is 
also obtained. 7'he amount of these gases pro- 
duced usually increases with the concentration, in- 
dicating the occurrence of secondary reactions. 
However, the primary reaction would a])pcar to 
consist in the attachment of the oxygen of the 
activated water molecule to the organic mole- 
cule. 

Particularly simple results were obtained for 
formic 1'hc reaction depends on the hy- 

drogen ion concentration. In acid solution (Fig. 
7), equal amounts of hydrogen and carbon diox- 

HCOOH = H, + CO 2 , 



pH 

Figure 7. The production of carbon dioxide and 
hydrogen as functions of the pH of the Irradiated 
Rolutloti. 


ide are produced, corresponding to the simple 
decomposition. 

For larger values of the pH, the hydrogen pro- 
duction is reduced to one-half, while no carbon 
dioxide is produced. Probably oxalic acid is 
formed according to 

HCOOH = i/2 (C00H)2 + 

In addition to these transformations, at high con- 
centration of formic acid an additional reaction 
sets in, shown by an increased production of car- 
bon dioxide. The production of hydrogen re- 
mains constant at all concentrations. This addi- 
tional reaction appears to be a chain reaction and 
may perhaps be the reduction of formic acid to 
formaldehyde according to 

2HCOC)H = HCHO + CO 2 + HoO. 

Also for oxalic acid,^^^^ within certain ranges of 
concentration and hydrogen ion concentration, 



ConoentrfttioQ of fatty acid in mitUequivalents per liter. 

Figure 8. The reduction of chromate by X-rays 
as increased by the presence of fatty acids. The 
circles are calculated for propionic acid from 
1.520/(0.000052 C). 

irradiation results in a simple decomposition, ac- 
cording to 

(COOH). = 2 CO 2 -f H 2 . 

In the presence of oxygen, no hydrogen results 
from the irradiation of organic substances with 
X-rays, but there is an increase in the hydrogen 
peroxide produced. In Fig. 8 are results ob- 
tained for certain of the monobasic acids of the 
paraffin series. The experiments were carried 
out in the presence of 0.8N sulfuric acid. The 
production of hydrogen peroxide was determined 
by the reduction of bichromate present in the 
irradiated solution. 

It would be of considerable importance to de- 
termine the length of life of the activated water 
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molecules, the existence of which we have postu- 
lated in the foregoing. The method one would 
use for this purpose would be to study the re- 
actions of the X-rays at very low concentrations 
of the reacting substances. When the concentra- 
tion is reduced to a point where the activated 
water molecules responsible for the reaction do 
not encounter molecules of the reacting sub- 
stance before returning to the normal state, then 
the number of molecules transformed would 
show a decrease. We have attempted to carry 
out such a study for the catalytic decomposition 
of water in the presence of potassium iodide. As 
noted above, this decomposition is associated 
with the activated water molecule (ifaOj'aot.- An 
experimental difficulty with which one is faced is 
that of obtaining the water sufficiently free from 
impurities. Our attention has particularly been 
directed to the presence of organic impurities 
which are easy to detect, because irradiation of 
gas-free water containing organic material results 
in the decomposition of the latter, with the forma- 
tion of hydrogen and carbon dioxide. If one 
irradiates gas-free water from an ordinary tin 
still, one may readily find as much as 10 or 20 
micromols of these two gases per 1000 cc. For 
purification of the water, it is subjected to a pro- 
longed heating with acid bichromate and basic 
permanganate, and a final distillation through a 
quartz tube heated to 900°C. ; by these means it 
is possible to obtain water which gives on irradia- 
tion only 1 or 2 micromols of the tw^o gases. As 
a final step the water is further purified by pro- 
longed irradiation with X-rays, after which the 
irradiation test shows less than 1 niicrumol of 
hydrogen and carbon dioxide. The slight trace 
of organic material indicated by the test may be 
due to the handling of the water as it is trans- 
ferred to the irradiation cells. We use cells of 
pyrex glass and, just before being used, possible 
traces of organic materials are removed by heat- 
ing the cells nearly to their softening point. After 
being filled with the solution they are settled off. 
Using all of these precautions, we have found in 
preliminary experiments that there is no 
change in the decomposition of the water for con- 
centrations of the iodide ion down to 10 micro- 
equivalents per 1000 cc., while the decom])osition 
is greatly decreased when the concentration is 
decreased to 0.1 micro-equivalents per 1000 cc. 
If we interpret these results on the basis of a 
limited life of (H 20 )'art. it may be concluded 
that the life is at least of the order of 10"”® sec. 
This is a very long life and brings up the ques- 
tion of the nature of these X-ray activated water 
molecules. 

We expected, when we started our work on 
this subject, that X-rays would produce a disso- 
ciation of the water molecules, but the finding 


that water is not decomposed by X-rays, as wdl 
as the closer study of the chemical properties of 
the X-ray activated water molecule, leave doubt 
as to the truth of this. If the X-rays did pro- 
duce dissociation, then the length of life of the 
activated water molecule, as estimated above, 
would be the time for recombination of the dis- 
sociated parts to take place, and should therefore 
depend on the X-ray intensity. This gives a 
means for experimentally testing whether disso- 
ciation occurs. It may be noted that the water 
molecule present in the vapour form can be ac- 
tivated by collisions with mercury atoms activated 
by A = 2537 Hydrogen atoms are pro- 

duced, indicating that the water molecule decom- 
poses into the hydroxyl radical and a hydrogen 
atom. This type of dissociation has also been ob- 
served by heating water vapor to high tem- 
peratures, no indication of its occurrence, how- 
ever, Ijeing seen in the absorption spectrum of 
water. 

Water has a strong absorption band for light, 
which begins around 1760 A. We have recently 
started an investigation in which the experi- 
ments with X-rays were repeated with light of 
wavelengths inside this absoq)tion band. 1'he 
light source was an aluminum spark in hvdrogen, 
and the irradiated solutions were contained in 
cells of very thin quartz. Preliminary experi- 
ments indicate that all the reactions which are at- 
tributed to can be obtained, hut none 

of those attributed to (H 2 O) For example, 
we do not obtain the oxidation of the nitrite ion 
in gas free solutions, nor the transformation of 
ox>gen to hydrogen peroxide, while the formic 
acid is decomj)osed, and the ferrous ion, in the 
presence of oxygen, is oxidized to the ferric ion. 
These experiments are carried out with such low 
concentrations of the reacting molecules, (down 
to 1 micromol/l(X)0 cc. ), that the direct absorp- 
tion of the light energy by these molecules is 
negligible. No decomposition is observed when 
the water itself is irradiated. This is in contra- 
diction to results of a number of investigators^*®^ 
( 11 ) ( 12 ) (13) (14) claim to have obtained de- 
composition of water by the light from a quartz 
mercury lamp. 

Water has another absorption band at 1360 A. 
We hope later to be able to extend our investiga- 
tions down to this band. Possibly some of the 
reactions which were obtained with X-rays, but 
not with A = 1760 A, may be produced with this 
band of shorter wavelengths. 
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Di.scrs.sioN 

Dr, French : 1 lave > ou ever .studied reactions 

in which the irradiation produces oxygen? 

Dr. Fricke : Tlie irradiation of the nitrate ion 
causes its tran.sftn’ination to the nitrite ion with 
the production of oxygen or hydrogen peroxide, 
according to the liydrogen ion concentration. 

Dr. 11 art : Hydrcjgen peroxide or oxygen is 
also liberated in the case of irradiation of potas- 
sium ferricyanide and j)otassitim iodate, their 
production dejKMiding upon the hvdrogen ion con- 
centrati<jn of the solution. In acid solution 
hydrogen peroxide is invariably found, while in 
alkaline solution hydrogen peroxide appears to 
be initially formed and then the i)roduction of 
oxygen occurs in a secondary' reaction with the 
potassium ferricyanide or potassium iodate. Thus 
twice the equivaletit amount of oxygen would be 
expected in alkaline solutions, and tliis is actually 
found. 

Dr. French: It is your idea that hydrogen 
peroxide is alwa} s the product primarily formed, 
l)ut that in basic solution it is decomposed \^^th 
the production of oxygen? 

Dr. Fricke : That seems likely. 

Dr. Noyes: Hasn’t someone shown recently 
that when one illuminates water vapor with the 
1760 A. radiation, one gets the OH hand in 
fluorescence? Isn*t it also true that wlien one 
passes a discharge through water va])or one gets 
fairly large amounts of hydrogen peroxide? 


Dr. Fricke: It does not appear likely that 
hydrogen atoms, oxygen atoms or hydroxyl radi- 
cals could be formed in their free state by irradia- 
tion of the water by X-rays, since neither oxygen 
nor hydrogen is produced. 

Dr. Noyes: Do you have liquid mercury in 
contact with the water? 

Dr. Fricke: After the irradiation but not be- 
fore. 

Dr. Rollcfson: Liquid water molecules are 
supposed to be at least double, if not more com- 
plex. It seems to me that there would be a pos- 
sibility of such water molecules breaking up on 
activation in a manner quite different from that 
in the gaseous state. As a simple example we 
might assume that a double molecule .splits out 
hydrogen leaving hydrogen peroxide. 

Dr. Kassel: I wonder if it would be possible 
to argue from experiments with i)latinum elec- 
trodes in electrolytic cells that hydrogen atoms 
do not very readily recombine in aqueous solu- 
tion. Then the (JH radicals produced in the X- 
radiation of water may form H 2 C) 2 , hut the hy- 
drogen atoms will recombine very little, and 
mostly react with the hydrogen, peroxide, re- 
generating water. If this is the case, then pure 
water, although H and OH were formed, would 
not I)e expected to decompose. 

Dr. Mestre: Is it not possible that the cata- 
lytic action of the iodide is simply due to its high 
mass absorption coefficient relative to that of 
water ? 

Dr. Fricke: No, the absorption of the iodkle 
is inappreciable in the low concentration used. 
However, with concentrations over I milli-equi' 
valent per litre an increased rate of decomjx>si- 
tion, due to increased absor])tion by the iodide 
ion, is observed. 

Dr. French: Are biological effects of X-rays 
due to tlie activation of water? 

Dr. Fricke: It seems quite likely that this 
may be true in part. However, direct activation 
of the organic molecules undoubtedly is important 
too. 

Dr. French : Is the absorption of biological 
materials much different from that of water? 

Dr. Fricke: No, not if you make observations 
on large volumes of biological material. 

Dr. Mestre : 1 have a feeling that perhaps 

some of the more specitic biological effects of X- 
rays may be due to primary absorption by atoms 
of very high mass absorption coefficient forming 
part of molecules of critical biological importance, 
particularly in the nucleus. A good deal of work 
has been done tending to show that the distribu- 
tion of heavy metals is very unequal both in 
respect to the various organs of the animal body 
and in respect to cytoplasmic structures. 
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Dr. Fricke : The influence of a heavy atom is 
determined by its X-ray absorption relative to 
that of the matter present in a sphere around it, 
the radius of which is the length of path of the 
photoelectron. The influence of the heavy atom 
would, therefore, be smaller for harder rays, but 
perhaps may ht appreciable for soft rays. The 
ratio of the coefficients of absorption of two 
chemical elements depends on the wavelength, 
which would be reflected in a wavelength depen- 
dence of biological effects if the heavy atoms 
played a role. There is, theoretically at least, a 
possibility for experimentally testing this notion. 

Dr, Marshak: I have made determinations of 
the absorption coefficients of various biological 
materials using the Ka line of molybdenum. The 
absorption coefficient of the sperm of Urechis 
and sperm of the cod is 20 to 25% greater than 
that of ‘water. Niow it is true that with harder 
radiation the difference tends to decrease; for 
example, with the line the difference is only 
about 17%, Still in dealing with masses of 
material, as one sometimes has to do in biolog- 
ical work, we must also consider secondary radia- 
tion, so that even with hard X-rays we may get 
an appreciable percentage of secondary soft radia- 
tion. The biological effect may, therefore, be 
different from what is obtained from any calcula- 
tion made on the basis of the absorption coeffi- 
cient of water: and it seems to me that this is 
probably the case. Desjardin has published lists 
of tissues in the order of their sensitivity to X- 
rays, and it appears that in general the order of 
sensitivities is proportional to the number of 
nuclei per unit volume of tissue. The sperm 
measurements show that the chromatin absorbs 
more radiation than the rest of the cell. There- 
fore, those tissues having a greater proportion of 
nuclei per unit volume are more sensitive. This 
correlation seems to indicate that the point raised 
concerning different absorption coefficients is 
rather an important one, biologically. Apparently 
the chromatin contains a greater percentage of 
heavy elements than the cytoplasm or nucleo- 
plasm. 

Dr, Cole: If absorption of heavy atoms plays 
an important role, it should be demonstrable on* 
uniform material by the paired filter method of 
Ross Kirkpatrick. Two filters are used which 
have identical spectral absorptions except in a 
very restricted region where one filter has many 
times the absorption of the other. When this 
region includes ^n absorption limit of the metal 
in question, there should be a marked difference 
between the biological effects produced by the two 
filters. 

The micro-incineration technique has shown a 
high salt content in the nucleus" and particularly 


in the chromosomes. The resultant higher atn 
sorption may be the basis of the correlation be- 
tween sensitivity and the relative amount of tm*^ 
clear material 

Dr. Marshak: The effect of Alpha parttdes 
biologically becomes practically the same as the 
X-ray effects. There is another point which I 
suppose should be brought up in connection with 
mineral matter in tissue. In bone, for example, 
there is quite a large percentage of calcium. 
bone tumors are known to be much less sensitive 
to radiation. But in that case we have a slightly 
different situation. There the heavy elements in 
the intercellular material are effective screen s sur- 
rounding the nucleus. On the other hand., in the 
case of blood vessels compared with lymph 
vessels, we find that the endotheliurh of the 
former is more sensitive to radiation. "|"here, you 
see, the iron of the haemoglobin would act as a 
radiator of secondary rays, thus increasing the 
total number of photoelectrons produced in the 
endothelium. 

Dr. Fricke: I think it would be desirable to 
look into this matter from a quantitativtf point of 
view. If this were done, at least sonre of the 
effects you consider would be inappreciable. 

Dr, Blum : I would like to inject another topic 
at this time because I would like to ha\'e some 
comments on a reaction which I am studying — 
possibil)^ involving I want to rCiOresent 

schematically this reaction which is the photo- 
oxidation of substances, particularly bi( »iogical 
systems, by light of wavelength around 5000 A. 
when sensitisers are present; the sensitisersj being 
usually the fluorescein dyes. The reaction I 
would like to represent as follows: 

( 1 ) S -j- hi^ — > S' 

(2) -f- Oa Oii* *4“ S. 

This is entirely a schematic representation. These 
reactions all involve O 2 , and I like to represent 
them in this way to indicate that in some way 
oxygen is, let us say, not activated, but is made 
to take part in other reactions. Now further re- 
actions may be represented : 

(3) O* + A — > oxidation products of A, 

where A is an oxidizable substance. Simultan- 
eously the dye is also oxidized. 

(4) S -f O 2 * oxidation products of S. 

Now, of course, we can make a good many hy- 
potheses as to what the intermediate steps are. 
We can assume a formation of a sensitiser 
peroxide, but there is no real evidence that this 
is formed, and there is evidence against it An 
interesting thing in this connection reported by 
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Wcifcrt and confirmed by Spealtnan and my- 
self, is that this reaction is inhibited by low par- 
tial jpTCSSures of oxygen, and also in high partial 
pressure of oxygen— the reaction going at the 
greatest rate in air. This I believe might be evi- 
dence against the formation of a sensitizer perox- 
ide. What is particularly interesting, biological- 
ly, is the possibility of formation of hydrogen 
peroxide as an intermediate. We have evidence 
that a peroxide is formed if we irradiate the dye 
alone in aqueous solution, and this seems to be 
hydrogen peroxide. Remember that the dye is 
always oxidized in this process and this gives the 
possibility of numerous reactions. The best evi- 
dence that hydrogen peroxide is formed conies 
from the study of biological systems. In a simple, 
non-biological, system, containing an oxidizable 
substance, if we introduce cyanide we get no ef- 
fect on the rate of the reaction. In a biological 
system we get augmentation of the reaction when 
we introduce cyanide. We can explain this if we 
assume that the catalase which is present in most 
biological systems, and which catalizes the de- 
composition of hydrogen peroxide, ordinarily 
keeps the rate of the oxidation process down, the 
introduction of cyanide will inhibit the catalase 
and augment the oxidation. The specificity of 
catalase for hydrogen peroxide seems to be quite 
definite, at least catalase has never been demon- 
strated to catalize the deaimposition of any or- 
ganic peroxide or peroxy-acid. I present this 
schematic arrangement for your consideration. I 
would like to introduce probable intermediate 
steps, but I have not felt it wise to do so. 

Dr. Fricke : Is there any spectral limit to the 
reaction ? 

Dr. Blum : The primary reaction is the activa- 
tion of the sensitizer and all the sensitisers avail- 
able absorb below about 5500 A., so that the re- 
actions are limited by the specific absorption, if 
not by anything else. The reaction 2 H 2 O + O 2 
2 H 2 O 2 ; A H = +46,000 cals, is possible up 
to 6200 A,, which includes the absorption spectra 
of all the dyes we have used. 


Dr, Fricke : Have you tried to use sensitizers 
absorbing in wavelength regions longer than 6100 

Dr. Blum : We would like to do that but have 
not found a suitable system. 

Dr. N ayes : Do you have any idea of what the 
quantum yield is? 

Dr. Blum: The only figure we have is for 
thiosulphate which is not a good system to use, 
it is very low, about 0.035, which is only a tenta- 
tive value. 

Dr. Rollefson: I think that it is probable that 
a peroxide is formed by reaction between the acti- 
vated state produced by light and the oxygen 
rather than that the activation energy is trans- 
ferred to the oxygen. 

Dr. Fricke : Is the absorption spectrum of the 
dye dependent on the presence of oxygen? 

Dr. Blum : No. Another point which may be 
of interest to you: hydrogen peroxide will not 
bleach the dye in the absence of light in neutral 
solution but if we add hydrogen peroxide to a 
solution of the dye and then irradiate, the rate of 
bleaching is greater than when no H 2 O 2 is added. 
This has lead me to the suggestion that the first 
step in bleaching is the formation of H 2 O 2 , re- 
sulting in the oxidative bleaching of the dye mole- 
cule. 

Dr, Fricke: Are you working outside the ab- 
sorption spectrum of H 2 O 2 ? 

D. Blum: Yes. 

Dr. Noyes: In what state is the dye, true 
solution or colloid ? 

Dr. Blum: True solution. 

Dr. Fricke: The reactions produced with hy- 
drogen peroxide depend on the hydrogen ion con- 
centration. It would, therefore, be of interest to 
carry out your studies at diflferent values of the 
pH. 

Dr. Blum : The effects apparently decrease 
with increasing hydrogen ion concentration but I 
am not sure of this point. 

Dr. Noyes: It is always suspected in most 
bleaching dyes in textiles — a subject which comes 
up in New England whenever talking to a textile 
chemist — that adsorbed oxygen is important. 
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There are relatively few investigated surface 
reactions of photochemistry but they are of great 
importance. They include the reactions of the 
photographic plate, photosynthesis and photo- 
tropism in biological systems. There is no one 
theoretical treatment generally applicable. Each 
system requires individual consideration and pre- 
sents features which may, however, be common 
to several such reaction systems. We cannot, 
therefore, present any single generalised theoreti- 
cal treatment but must content ourselves with an 
illustrative discussion of typical mechanisms in 
which catalytic features are exhibited. 

Catalysis intrudes in surface reactions of pho- 
tochemistry generally in the form of photosensi- 
tisation. By this we mean the securing of a pho- 
toreaction in a system of reactants which do not 
absorb the light employed, by incoqjorating in the 
system a sensitiser which absorbs the light energy 
and in some manner transmits such absorbed 
energy to the reactants, the sensitiser itself nor- 
mally remaining unchanged on completion of the 
process. The sensitisation of gelatine-silver hal- 
ide emulsions, by means of adsorbed dyestuffs, to 
light of long wave lengths, is one of the earliest 
and best known of such sensitisation processes 
and it involves a surface reaction. Such a sys- 
tem can be used as typical of sensitisation in pro- 
cesses of photodecomposition. It will, however, 
also be shown tliat sensitisation at surfaces gov- 
erns the processes of assimilation of carbon diox- 
ide in plant life and of oxidation in various pro- 
cesses likewise of biological significance. 

Light Absorption by Sensitiser: The primary 
absorption act in such sensitised processes raises 
the absorbing molecule (or atom) to a higher 
energy level from which it may recede either by 
light emission or by transfer of this energy to 
systems in contact with the energy-rich unit. In 
atomic sensitisers the problem is simpler, since 
there are fewer possibilities of light absorption 
and emission. The emission in such cases is 
normally of the same wave length as that of the 
absorbed light, although multiple absorption, prior 
to emission, may change this. In molecular sen- 
sitisers the emission is evident as some type of 
fluorescence and, in sensitisation processes gen- 
erally, the sensitisers can be shown to fluoresce. 
The relation between absorption and emission in 
molecular systems is not simple. A variety of 
wavelengths absorted may produce the same ty])e 
of fluorescent emission. 

Collision or contact with other molecules by 
an excited sensitiser suppresses the fluorescence, 
the energy which would have been lost in the 


emission process being received by the ‘‘acceptor’* 
in collision or contact. The quenching of flu- 
orescence in an absorbing agent may be taken as 
a certain index of energy transfer to an “accep- 
tor**, and may often be shown to be the prelude 
to the subsequent photochange. Such queneWng 
has been thoroughly studied in atomic gaseous 
systems and its main features have been ccaxi-^ 
petently analysed^ In heterogeneous systems the 
phenomena are more complex. Special experi- 
ments must be devised to ascertain by what con- 
stituents of the system the quenching of the flu- 
orescence is achieved. This will vary from sys- 
tem to system. 

Secondary Processes: In the sensitised gela- 
tine-silver bromide emulsion the simplest assump- 
tion is that the energy is given up by the sensi- 
tiser to the silver halide particle in the immediate 
neighborhood, and this particle is decomposed. 
The primary process of reaction is assumed to be 
a dissociation of the silver halide to a silver and 
a halogen atom. In the sensitisation process, the 
sensitivity maximum is not a)-incident with the 
maximum of absorption of tlie sensitiser dye, but 
is generally displaced to the red. This points to 
a dye-halide conjpound or adsorption complex as 
a photo-active ensemble. It is known, however, 
that the dye stuff need not be destroyed in the 
reaction occurring, and a single dye molecule may 
sensitise the decomposition of many halide mole- 
cules. 

It is also known that another type of catalysis 
operates in the photographic process. The light 
sensitivity of the silver halide grains is dependent 
on the purity of the grain and also on the pres- 
ence of the gelatine. This catalysis is due to the 
functioning of the gelatine or impurities as ac- 
ceptors for the halogen atoms produced. This is 
evident from a study of quantum yield in the 
photolyses of solid silver halides. With compact 
silver bromide the yield is less than 0.01. Moist 
precipitated silver bromide shows quantum yields 
in the neighborhood of 0.1. With gelatine silver 
bromide emulsions the yield rises to unity. It is 
evident that the gelatine is a receptor for the 
bromine atoms, preventing recombination of the 
silver and halogen atoms. Adsorbed materials 
operate similarly in the moist precipitated halides, 
but less efficiently. In the latter case, also, there 
is a true photosensitisation, since adsorbed silver 
nitrate lias been shown to heighten the light sen- 
sitivity; the precipitate is made more red sensi- 
tive, the displacement of light absorption being 
ascribed to strong deformation of the bromine 
ions in the surface by the adsorbed silver ions. 
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Nciitral silver atoms also can act as sensitisers, as 
revealed by the Becquerel-effect. Becquerel 
showed that halides previously illuminated by blue 
light are made more sensitive thereby to green 
light. It is the photochemically produced silver 
atoms which bi*ing about this sensitisation. 

In the processes of photosynthesis, it is the 
chlorophyll which acts as photosensitiser. It is 
known that chlorophyll fluoresces intensively in 
the red, and that this fluorescence is strongly 
quenched by oxygen. Fluorescence is demon- 
strable even in living green leaves and the intens- 
ity relations are quite characteristic, as recently 
demonstrated by Kautsky^. At the outset of il- 
lumination there is a strong variation in fluores- 
cence, first a sharp rise to a maximum, then a 
slow decrease to a final constant stationary state 
of fluorescence. Kautsky has shown that, in liv- 
ing green leaves, completely freed from “free” 
oxygen, even in presence of moisture and carbon 
dioxide, the chlorophyll begins to fluoresce with 
high intensity, without any initial increase of in- 
tensity. This indicates that the changes in flu- 
orescent intensity are dependent on the concen- 
tration of oxygen in the chloroplasts and that 
normal oxygen is the molecule to which the ener- 
gy absorbed by the sensitiser is transferred. The 
oxygen in the chloroplasts, present in equilibrium 
with that of the surrounding atmosphere, is re- 
sponsible for the initial quenching of fluores- 
cence ; during the initial rise in intensity this oxy- 
gen is consumed, and the period of decreasing 
intensity is accounted for by regeneration of oxy- 
gen in the assimilation process. Kautsky showed 
that other gases like nitrogen, hydrogen, and 
especially carbon dioxide, as well as many or- 
ganic substances were not able to quench the 
chloroph}’!! fluorescence. Furthermore, poisons 
for the assimilation process, such as hydrogen 
cyanide, have no influence on the initial rise of 
fluorescent intensity to a maximum, but prevent 
the subsequent decrease in intensity of fluores- 
cence, since with the assimilation process poisoned 
no oxygen is regenerated. 

Kautsky also showed in special experiments 
that the intensity of fluorescence in sediments of 
chloroplasts was conditioned by the available oxy- 
gen and that access of this gas to the cliloroplast 
was determined by the pH of the medium. With 
alkaline sediments the velocity of diffusion of 
oxygyen increases more rapidly than the oxygen 
consumption in the interior of the chloroplasts. 
All of the experiments lead to the conclusion that 
the oxygen is the only molecule in the assimilation 
system to which the energy absorl)ed by the chlor- 
ophyll is conveyed. This case is sharply differ- 
entiated from the photographic sensitisation pro- 
cess. A gas, oxygen, acts as an intermediate, be- 


tween sensitiser and reactants, as collector and 
carrier of the assimilation energy. 

In the photosynthetic processes the energy- 
yielding reaction of the active oxygen molecules 
with constituents of the chloroplast is evidently 
coupled in some way or other with the energy- 
consuming processes of assimilation, and the oxy- 
gen is ultimately regenerated. It is evident that 
the same kind of sensitised oxygen activation by 
chlorophyll can give rise to true processes of pho- 
tosensitised oxidation. Examples of such with 
various sensitisers have also beep found by Kaut- 
sky and his coworkers®. They have shown that, 
in spite of a separation in space of sensitiser and 
acceptor, oxidation of the latter may occur when 
oxygen is present, the experiments revealing that 
the phenomenon occurs only within well defined 
pressure limits dependent on the sf)atial separa- 
tion of accq:)tor and sensitiser. At too low pres- 
sures the rate of active oxygen production is too 
small. At too high pressures the active oxygen, 
being metastable, is destroyed before it reaches 
the acceptor to produce oxidation. This concept 
of Kautsky ’s as to the inner mechanism of a 
whole group of photosensitised oxidation pro- 
cesses ivS in sharp contrast to earlier ideas. More 
generally it has been assumed that the energy 
absorbed by the sensitiser was transmitted to the 
acceptor directly, bringing it to an activated state 
in which it could readily react with normal oxy- 
gen. In his recent work, Kautsky definitely dis- 
poses of such a mechanism in a group of photo- 
sensitized oxidations by demonstrating, in special 
phosphorescence experiments, that the oxidisabie 
compound was completely incapable of quenching 
the phosphorescence observable after illumina- 
tion, whereas oxygen even in small traces was 
very efficient as the quenching agent, Kautsky 
identifies the active oxygen so produced as the 
term of the oxygen molecule with an energy 
equivalent to approximately 38,000 calories. 
Spectroscopic evidence indicates that it is a me- 
tastable state of the molecule with a lifetime of 
several seconds. Since, in addition to strongly 
fluorescing dyestuffs such as tr)q)taflavin, biolo- 
gically imjxjrtant coloring matters such as haem- 
atoporphyrin and chlorophyll possess the charac- 
teristics that have been discussed, it is evident 
that this mechanism of oxygen activation has 
fundamental importance in the field of biological 
photochemistry. 

An interesting set of reactions catalytically ac- 
celerated by light centre around zinc oxide as 
sensitiser. It has long been known that oil paints 
containing zinc oxide as pigment deteriorate rela- 
tively very rapidly in sunlight. Lithopone paints 
are klso markedly light sensitive and in this case 
the sensitivity is markedly influenced by impuri- 
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ties in the pigment. Such zinc preparations may 
also be shown to display marked fluorescent phos* 
phorescent effects. 

The action of zinc oxide as sensitiser has been 
studied by numerous investigators, including 
Winther^, Baur and Ferret®, and latterly by Jung 
and Kunan® and by McMorris and Dickinson^. 
There is as yet no completely satisfactory theo- 
retical treatment of the experimental material. 
The most extraordinary of the photosensitisations 
using zinc oxide studied by Winther, the ozonisa- 
tion of oxygen, is now known not to occur. It 
has now definitely been shown that the product 
is not ozone but nitrogen peroxide, liberated from 
an incompletely ignited zinc oxide prepared from 
the nitrate. Ozonisation of oxygen would have 
been very extraordinary owing to the wave length 
of light required to produce this product from 
oxygen. Since, in the experiments, only long 
wavelength ultraviolet was used for excitation, 
the formation of ozone would have suggested a 
conversion of such exciting light into a much 
more energy-rich short-wave ultraviolet fluores- 
cence. There are no well-investigated cases of 
such considerable “anti-Stokes” fluorescences. 

Illuminated zinc oxide reacts with silver nitrate 
in solution, depositing silver and some silver per- 
oxide and also forming zinc nitrate and producing 
evolution of oxygen. Stoichiometrically the reac- 
tion may be expressed thus : 

light 

ZnO + ZAgNOs Zn(N 03)2 + 2Ag + 1/2 O 2 . 

For each atom of silver liberated, 1/4 O 2 is 
formed either as free oxygen or peroxide. In a 
similar way illuminated zinc oxide reacts with 
solutions of mercuric chloride, producing mercur- 
ous chloride and likewise liberating oxygen. 

These oxygen producing reactions can be 
coupled with oxidation processes, which may also 
be accelerated in presence of zinc oxide when 
oxygen is present. The oxidation of glycerine 
and of various d}estuffs has been secured in this 
manner. Ferret® showed that even in the absence 
of inorganic salts and oxygen gas, zinc oxide on 
illumination effects the reduction of methylene 
blue to the leucobase, a portion of the dyestuff 
being simultaneously oxidised. The presence of 
other oxidisable materials, such as glucose, re- 
duces the amount of dyestuff so oxidised. In all 
of these photosensitive reactions involving solid 
zinc oxide there is no definite theoretical treat- 
ment possible. Even the primary light process is 
not known as to nature, and the coupled reactions 
are also complex. The reactions may well re[)ay 
study since they l)ear some resemblance to biolog- 
ically interesting photosensitive systems. 


Surface Catalytic Effects Assoemtei p/iitM 
Chain Reactions : As is now well known, a 
ber of reactions are known in which the primary 
light process is succeeded by a long chain of sec- 
ondary processes so that the equivalence between 
light energy absorbed and chemical reaction oc- 
curring no longer obtains. It is evident that if, 
in such chain mechanisms, the initiator of a chain 
can be produced photochemically, pronounced 
catalytic effects may result on illumination. 

The oldest known process of this type is the 
decomposition of hydrogen peroxide solutions^ 
studied by W. Kistiakowsky®, produced by illum- 
ination of solutions of potassium ferro- and fer- 
ricyanides. The mechanism in this case is well 
understood. The light action produces a colloidal 
decomposition product of the iron cyanide com- 
plexes. At these surfaces, photochemically 
formed, the peroxide decomposition chain is ini- 
tiated. As suggested by Haber and WiUstat- 
ter^®, the decomposition of a peroxide molecule at 
the colloidal surface involves a change in the 
valency of the iron, and radicals may l>e liberated 
into the solution, there initiating a long chain of 
secondary decompositions. The enzymic action 
uf catalase in peroxide solutions is also attributed 
by them to such a chain initiation, tliough experi- 
mental evidence to demonstrate this convincingly 
is lacking. In prindple, however, it is evident 
that if a process of light absorption at a solid sur- 
face may he utilized to liberate a chain initiator, 
in the form of an atom or a radical, into a solu- 
tion in which such secondary chain processes can 
readily occur, there are present all the conditions 
necessary for an important surface photosensitive 
catalytic process. The work of Ricc^S indicating 
the importance of dust particles in the photode- 
composition of hydrogen peroxide solutions, may 
well find its explanation in a phenomenon of this 
kind. Similar effects might also be found in other 
known, chain-mechanism, decomposition and oxi- 
dation processes. 
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Discussion 

Pr. Brackett: I have in mind observations 
wherein Dr. Karl Meyer found that in a S 3 rstem 
where chlorophyll is introduced into ergosterol 
solution in cyclohexanol, there is biological activa- 
tion of ergosterol, in which each mole of ergos- 
terol takes up half a mole of oxygen in the pres- 
ence of visible radiation. 

Dr. Kistiakowsky : In what sense do you 
mean activation ? 

^ Dr. Brackett : Antirachitic activation as shown 
biologically. It is interesting that with certain 
other dyes he found that there is a full mole of 
oxygen taken up and no biological activation. 

Dr. Fricke: Is oxygen also concerned in the 
activation of ergosterol by ultraviolet radiation 
within its own region of spectral absorption? 

Dr. Brackett ; I think not. 

Dr. Kistiakowsky: I would like to say that it 
seems to me that ibis photo-action is of extreme 
importance and could be subjected to direct ex- 
periment. There is only one state of the oxygen 
molecule at an energy level, consistent with ac- 
tivation by visible radiation, and that is the 
state which is also responsible for the atmospheric 
bands. It is true, of course, that absorption of 
light there is extremely weak. It takes a very 
long layer of oxygen to produce marked absorp- 
tion, but the absolution is not zero, and it might 
he possible by using very high intensity of red 
light and oxygen at high pressure to test the ac- 
tivity of the state directly. It seems to be of 
some interest and importance, and is certainly 
worth considerable effort. It is possible to pro- 
duce red light of such high intensity that the ex- 
periment is not quite hopeless. 

Dr, Noyes: The transition from the normal 
•S to the state ha^s a low probability, first l)e- 
cause of the change of multiplicity rule and sec- 
ond because it is probably a plus-minus transition 
instead of a plus-plus. I am wondering if these 
selection rules hold in case the oxygen is in some 
medium other than in the gas phase. They may 
break down in the presence of the field of other 
molecules. 

Dr, Kistiakowsky : I think that the change-of- 
multiplicity rule would be more likely to break 
down than the plus-minus rule. 

Dr, Noyes: Would you expect oxygen to 
be more reactive than the normal molecule ? 

Dr. Kistiakowsky: I think that question is 
answered by Kautsky's work. 

Dr. Noyes: I wouldn't say that it proved that 
a ^26 state of the molecule is involved. 

Dr. Kistiakowsky: I imagine that unless you 
reinterpret his entire work, you really have to ac- 
cept me molecule. 


Dr, Noyes: Mullikan is of the opinion that 
in the oxygen molecule there are states which 
have not been found spectroscopically such as a 
state, and I would prefer to use one of them 
rather than the ^2. 

Dr, Kistiakowsky : The ^2 is probably less re- 
active. 

Dr, Noyes : I believe that the heat capacity 
evidence for these other states is not reliable, but 
they probably do exist. 

Dr, Mestre: If Kautsky's interpretation of 
the mechanism of photosensitized oxidations is 
substantiated, it may, as Taylor has pointed 
out, well have fundamental importance in the 
field of biological photochemistry. There would, 
however, seem to be a number of objections 
which might be raised against the acceptance of 
Kautsky's extension of his activated O 2 mechan- 
ism to include the photochemical reduction of 
CO 2 in the plant. Among these I might mention 
the e^remely low fluorescence yield in the leaf 
even in the absence of oxygen. It would seem as 
though the fluorescence efficiency should be very 
much higher under these conditions if oxygen is 
the sole acceptor of energy from the chlorophyll 
as postulated by Kautsky, As my other com- 
ments relate rather to Kautsky's work than to 
Taylor’s paper, and as I intend to discuss these 
in my paper on the photosynthetic system of 
the chromatophore (later in this volume), I 
would prefer to reserve them until that time. 

Dr. Brackett: Two objections to the mechan- 
ism pro}X)secl by Kautsky as an explanation of 
his observations regarding the quenching of 
chlorophyll fluorescence by O2 have been offered : 

1) This mechanism requires that O 2 be the 
energy acceptor in a collision of the second kind 
with accompanying electronic excitation of O 2 to 
a low level. Since there is no evidence that such 
an excited O 2 molecule would be particularly re- 
active, this offers little help in understanding the 
mechanism of photosynthesis. 

2) As Mestre points out, Kautsky’s mech- 
anism does not explain the relatively low fluores- 
cence yield in the absence of O 2 . 

These difficulties, together with other objec- 
tions, have led J. Franck to propose an entirely 
different mechanism. His explanation, extending 
to the larger problem of CO 2 assimilation, has 
been presented in an article published in Natur- 
wissenschaften U : 230, 1935. Franck’s mechan- 
ism is based upon the observations of Stoll re- 
garding the existence of two H atoms loosely 
bound to chlorophyll, and closely parallels the re- 
action scheme proposed by Willstatter. 

Starting with a fully hydrogenated chlorophyll, 
indicated by “HH-chlorophyll”, the absorption of 
one quantum results in a partial dehydrogenation 
of chlorophyll to monodehydrochlorophyll, “H- 
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chlorophyir^ with the production of a free hydro- 
gen atom : 

HH-chlorophyll -f hr — ► H-chlorophyll + H. 

This is followed by the reactions proposed by 
Haber: 

H + Oa = OaH 

OoH + H 2 O H 2 O 2 + OH 

OH + OH = H 2 O 2 

This series of reactions results in an induction 
period before actual assimilation begins. In the 
absence of O 2 , H combines with monodehydro- 
chlorophyll, resulting in chemiluminescence and 
the regeneration of fully hydrogenated chloro- 
phyll. The presence of O 2 , on the other hand, 
provides for the removal of the H atom, thereby 
preventing chemiluminescence. This accounts for 
the observations of Kautsky without requiring a 
metastable excited chlorophyll state. In the pres- 
ence of CO 2 the first step of real assimilation be- 
gins. Assimilation is then cared for in a stepwnse 
process as follows: 


points out that the preliminary partial dehydro* 
genation of HH-chlorophyll may proceed with 
relatively low efficiency as would be expA:ted 
from general considerations without interfering 
with a high quantum efficiency in the real assim- 
ilation. This is in accordance with the relatively 
low fluorescent yield observed and adequately ex- 
plains Kautsky s observations. 

Franck accounts for the energy requirements 
of the steps on the basis that OH is half as 
tightly bound to dehydrochlorophyll as is H. 
Consequently in steps II and IV he can credit 
the reaction for this exchange with 21 k. cal. Fur- 
thermore, he assumes that the formation of H 2 O 2 
from 2 OH represents 52 k. cal. Then with the 
41.4 k. cal. furnished by the absorption of a light 
quantum the entire 115 k. cal. which he assigns 
to the dissociation of water into H and OH is 
accounted for. If, on the other hand, the OH is 
less than half as tightly bound as the H, steps II 
and IV proceed with an excess of energy. 

While step I requires only a rearrangement, 
step III requires the separation of formaldehyde 
from OH-chlorophyll as well. Franck does not 


I. 

II. 

III. 


OH 


OH 


H-chlorophyll > C = O -j- hv OH-chlorophyll > C = O 
OH H 

OH , OH 

OH-chlorophyll > C = O + H 2 O + hv H-chlorophyll > C = O -f H 2 O 2 
H H 

OH H 

H-chlorophyll > C = O + hv OH-chlorophvll + > C = O 
H ' H 


IV. OH-chlorophyll + H 2 O -f hv H-chlorophyll + H 2 O 2 


In all these steps involving energy uptake, it is 
assumed that the energy provided corresponds to 
the wavelength limit of fluorescence, 68()0A, i.e., 
a binding energy corresponding to 1.8 volts or 
41.4 k. cal. In every case the energy requirement 
is presumably less tlian that available. Franck 


discuss the energy requirements of these steps. 

At any rate, Franck has offered an extremely 
interesting explanation of Kautsky's observations, 
and a mechanism for photosynthesis which avoids 
the difficulties introduced by the assumption of a 
metastable state in chlorophyll. 
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Although the greening of plants has been 
studied for many years, the problem has not been 
solved. Investigations on the formation of chloro- 
phyll from the chemical point of view will prob- 
ably also contribute much to the elucidation of 
the physiological role of the green pigment in na- 
ture. It is known that chlorophyll formation in 
most plants represents a photochemical process; 
plants grown in the dark — etiolated plants — ^usu- 
ally do not form chlorophyll. They contain, how- 
ever, a certain amount of yellow pigments, and a 
very small quantity of a green substance. The 
latter exhibits red fluorescence in its solutions 
and differs spectroscopically from chlorophyll. 
Most of this green pigment disappears upon irra- 
diation of the plant and is then apparently trans- 
formed into chlorophyll. 

Chlorophyll occurs in the green plant in 
two forms: chlorophyll a, C.-,nH72N40r,Mg, and 
chlorophyll b, C 5 BH 7 oN 408 Mg, in most plants 
in the ratio a ; b = 3 : 1. From his extensive 
studies of chlorophyll Fischer (1) derives the 
following formula as the most proliable expres- 
sion for our present knowledge of the structure 
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of the molecule. In chlorophyll b the methyl 
group in position 3 is replaced by the formyl 
group 

= O. 

H 

The protochlorophyll problem is represented by 
the question of the mechanism which brings about 
the formation of the two pigments, chlorophyll a 
and chlorophyll b. A number of other physical 
and chemical conditions, besides the presence of 
radiant energy, are, of course, necessary for 


building up chlorophyll. For details on these 
various factors the reader is referred to Kosty- 
tschew (2) and to a recent study by Inman, 
Rothemund and Kettering (3). 

A historical survey will indicate best the dif- 
ferent opinions and explanations offered by the 
investigators in the field to account for the 
greening of plants. 

Almost one hundred years ago Preisser (4) 
suggested that leaf green — chlorophyll — is form- 
ed by oxidation of a colorless compound, a parti- 
cular chlorophyll-chromogen. This compound 
was studied very extensively and appears in the 
literature under different names : colorless chloro- 
phyll (Schleiden), chlorophor (Boehm), leuco- 
phyll (Sachs), etiolin (Pringsheim), protophyllin 
(I'imiriazeff), and protochlorophyll (Monte- 
verde) . 

Pringsheim (5) was the first to report the typi- 
cal band at 640 - 620 m/* in the absorption spec- 
trum of etiolin. Although his solutions contained 
a certain amount of yellow plant pigments, the 
spectroscopic record indicates the identity of 
Monteverde’s protochlorophyll (6) and etiolin. 
For historical reasons the substance under dis- 
cussion should probably be named etiolin. How- 
ever, in the botanical, and in the chemical, litera- 
ture the term protochlorophyll is preferred and it 
is due to this fact that the author of the present 
paper follows the customary usage. Monteverde 
extracted protochlorophyll from wheat, maize, 
and sunflowers by means of 95% alcohol. A 
good review of the older literature on chloro- 
phyll and chlorophyll-development is found in his 
article. Czapek (7) discusses the greening pro- 
cess of plants in detail in his book. Greilach (8) 
obtained protochlorophyll from Hordeum sati- 
vum, Lepidium sativum, Cucurbita Pepo and 
from Phaseolus multiflorus. He defined proto- 
chlorophyll as the pigment in etiolated plants 
which produces in alcoholic solution a strong ab- 
sorption band at 640 - 620 m/i and a weaker band 
at 589 - 570 m/x. Greilach believed that under the 
influence of light the transformation of proto- 
chlorophyll into chlorophyll took place. Accord- 
ing to Liro (9) and Jsatschenko (10), light is 
only one step in a sequence of reactions, in the 
course of which the colorless chromogen 
(= Sachas leucophyll) is changed into chloro- 
phyll. The last reaction in the sequence is, ac- 
cording to these authors, a strictly chemical one 
and takes place in dead cells as well as in finely 
ground cells which are kept in an oxygen-free 
atmosphere. Leucophyll formation, however, 
depends upon the presence of oxygen, according 
to this theory. 
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The red rays in the spectrum, for which chloro- 
phyll exhibits strongest absorption, are also the 
most efficient ones to bring alx)Ut chlorophyll 
formation, a fact reported by Wiesner (11) and 
recently confirmed by Sayre (12). 

Monteverde and Lubimenko (13) studied the 
pigments from the seed of pumpkin-like plants 
and derived a new theory on chlorophyll forma- 
tion from their experiments. They believe that 
under the influence of light a very unstable 
colored substance, ''chlorophyllogen’', arises out 
of an unknown colorless chromogen. The chlo- 
rophyllogen in turn yields chlorophyll. Proto- 
chlorophyll is supposedly formed only by the 
pumpkin-like plants and in the absence of light. 
The conclusions of Monteverde and Lubimenko 
can be given in a diagram of this form : 


R^ently the protochlorophyll problem was 
studied in detail by Noack (IS), The inner 
green seed coat of Cucurbitaceae was extracted, 
Noack considered the protochlorophyll thus o\y 
tained as being, essentially, a reduced magnesium- 
containing precursor of chlorophyll, with por- 
phyrin properties. No evidence was found of the 
existence of two forms which would correspond 
to chlorophyll a and fr. Irradiation of crude pro- 
tochlorophyll solutions in alcohol, or acetone, 
caused the appearance of the typical red hand of 
chlorophyll in the absorption spectrum of the 
solutions. Noack also prepared a number of 
protochlorophyll derivatives, and his analytical 
studies led him to the assumption that protochloro- 
phyll contains three carboxyl groups, two of them 
being esterified with methanol and phytol, re- 
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Schmidt (14) investigated the chlorophyll 
formation in conifers and came to the following 
conclusions: Chlorophyll produced in the dark 
by these plants is spectroscopically identical 
with chlorophyll formed in light. Extirpation of 
the colorless embryo from the endosperm causes 
complete etiolation. If a small amount of en- 
dosperm is still connected with the radicle, or 
if the embryo is brought in contact with endo- 
sperm, the seedling will form chlorophyll in the 
dark. The developmental state of the embryo, 
or of the endosperm, does not influence the result 
of the experiment. Dead endosperm, however, 
is ineffective. The conifer seedlings contain in 
the endosperm a chlorophyll-building substance 
which can replace light in the process of chloro- 
phyll formation. 


spectively, while the third one is present in lac- 
tone or lactam form. A concise review based to 
a large extent on Noack's measurements and re- 
sults, is given by Treibs (16). The absorption 
sj^ectrum of protochlorophyll in the living leaf 
was demonstrated by Noack and by Scharfnagel 
(17). On account of this finding, the theory by 
Liro and by Lubimenko of protochlorophyll being 
formed upon decomposition of chlorophyllogen in 
the dark, could not be maintained. 

Lubimenko (18) experimented with carefully 
selected seedlings of a pure strain of TriHcum 
ferrugineum; the chlorophyll accumulation in 
these seedlings at different temperatures was 
studied and the greening process was represented 
by the following sequence of changes : 
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1. Synthesis of leucophyll (Sachs' termi- 
ndcty). 

2. Transformation of leucophyll into chloro- 
phyllogen. 

3. Transformation of chlorophyllogen into 
chlorophyll 

Reactions 1 and 2 occur in the dark, reaction 3 
is strictly photochemical. Chlorophyllogen, ap- 
pearing in reactions 2 and 3, is a green pigment, 
standing optically near chlorophyll According to 
Lubimenko, chlorophyllogen is identical with 
Monteverde's protochlorophyll 

The possible action of carotinoid pigments in 
chlorophyll formation was recently discussed by 
Euler (19), by Godnev (20), and by Smith (21 ). 

Rudolph (22) also considered the carotinoids 
to be involved in the reaction, believing that they 
furnish the building material for the ph)^ol com- 
ponent of the chlorophyll molecule. For the 
protochlorophyll of bush l)eans, Rudolph reported 


three maxima in the absorption spectrum, one in 
the red, one in the yellow-green, and one in the 
blue region. The position of the first band 
(625 m/i) is somewhat different from the values 
reported by other workers for the same band. 
The relative extinction coefficients of protochloro- 
phyll were determined by Rudolph from A =: 
640 m/i to A = 537 m/jt. A relation between the 
quantity of protochlorophyll and the leaf area 
could not be found. The pigment did not dis- 
appear quantitatively upon irradiation, but its 
decrease in light was not proportional to the 
amount of chlorophyll formed. Rudolph demon- 
strated a distinct relationship between the caro- 
tinoids in the plant and chlorophyll formation 
during the first, and after the fourth, hour of 
irradiation. 

It might be helpful to represent the principal 
recent theories on the role of protochlorojihyll in 
chlorophyll formation on a chart by names of 
authors : 


Liro and 
Jsatschenko : 

Lubimenko : 

Monteverde : 

Monteverde 
and Lubimenko: 


Noack : 
Rudolph : 

I. 


or 11. 


Timiriazeff : 


leucophyll -♦ (chlorophyll 

^ I protochlorophyll 

leucophyll > chlorophyllogen ► chlorophyll 

protochlorophyll chlorophyllogen — ► chloroph) 11 

chromogen ► chlorophyllogen > chlorophyll 

protochlorophyll 
protochlorophyll chlorophyll 


precursors > carotinoids ► phytol 

n 

pyrrole compounds porphin chlorophyllogen 
in light or 

» protochlorophyll > chloroph>ll a 

darkness 

oxidation 

^ chlorophyll b 

in light only 

In the dark or in light: 

precursors ^ carotinoids > phytol 

n 

pyrrole compounds — > porphin chlorophyllogen 
chloroplyllogen chlorophyll a chlorophyll b 

(only in the dark) (only in light) 

protochlorophyll 

protophyllin chlorophyll 

(protophyllin = leuco-chlorophyll (Kuhn) ) 
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The system protochlorophyll chlorophyll has 
often been considered an oxidation-reduction sys- 
tem, and many authors have studied the behavior 
of chlorophyll toward reducing agents. Berzelius' 
method (23 ) of reducing an alcoholic chlorophyll 
solution with zinc and hydrochloric acid caused 
complete destruction of the molecule. Timiriazeff 
(24) reduced chlorophyll in pyridine with zinc 
and an organic acid. A colorless solution re- 
sulted, lacking entirely the characteristic chloro- 
phyll spectrunh In contact with air, the green 
color and the specific optical properties of chloro- 
phyll were gradually acquired again. Timiriazeff 
called the reduced compound colorless chlorophyll 
or protophyllin.^ 

Timiriazeff's method was rediscovered recently 
by Kuhn (26) who applied it to a number of pig- 
ments, including chlorophyll a and b and some 
chlorophyll derivatives. Upon air oxidation 
the chlorophylls were regenerated completely, as 
demonstrated by positive Molisch reaction 
(‘'phase test'*), by absorption spectrum and by 
elementary analysis. 

By reduction with iron powder in 80% formic 
acid, Noack (27) prepared a number of chloro- 
phyll derivatives, which he considered the ana- 
logues of chlorophyll in the protochlorophyll 
series. 

Catalytic reduction was used by Fischer (28) 
and by Stoll (29) ; the compounds obtained were 
spectroscopically and chemically different from 
Timiriazeff s and from Noack's products. 

In summarizing this literature survey, it can be 
staled that the viewpoints of the various authors 
on protochlorophyll and its role in the synthesis 
of chlorophyll are very contradictory. Many dif- 
ficulties are due to the fact that neither proto- 
chlorophyll, nor any other precursor of chloro- 
phyll, has been isolated in pure state, as }'et. 

For the work in our laboratory, two lines of 
attacking the protochlorophyll problem presented 
themselves: 1. the extraction, and possibly isola- 
tion, of protochlorophyll, or of any precursor of 
chlorophyll from etiolated plants, 2. the study of 
reduction products of chlorophyll and its deriva- 
tives, and their comparison with substances found 
in etiolated plants. 

The preparation of protochlorophyll extracts 
from white and yellow corn, grown in absolute 
darkness, is under way.^ Extraction of the plant 
meal with ether yields a protochlorophyll contain- 
ing liquid with the first absorption band from 630 

iThis term may lead to confusion: according to 
Willstatter’B definition for phyllin (25), and in 
the light of numerous phyllin syntheses by 
Fischer, *the term would be correct for the mag- 
nesium complex salt of any of the 15 isomers 
of protofporphyrin (Tetramethyl-divinyl-dipro- 
pionio acid poxphin). 


to 620 nifi. This value agrees better with 
Rudolph's measurements than with the values 
given by Pringsheim, Monteverde and others. A 
benzene extract of the plant meal does not show 
well-defined absorption bands. The extract is 
subjected to chrojnatographic adsorption (Tswett’s 
method (30) ) on aluminum oxide. The 
sequence of layers, from top to bottom of the 
chromatogram tube in a somewhat simplified 
form, is green, yellow, browm, yellow, pink, olive 
green, orange, yellow. The upper green zone is 
the relatively broadest one. It is eluted with hot 
pyridine and the pigment transferred into ether 
by addition of water. The ether solution from 
direct extraction of ground etiolated corn, as weU 
as the pyridine or ether solution obtained from 
the green aluminum oxide adsorbate, is of 
yellow color with a tint of green and shows red 
fluorescence. 

A substance which, from the method of pre- 
paration, might be called protopheophytin results 
from treating an alcoholic extract of corn meal 
with a small quantity of acid, or from extractitig 
the etiolated corn with acetic acid and transfer- 
ring the pigment into ether. 

Fig. 2 gives the absorption spectra of these 
substances and the fluorescence spectrum of proto- 
chlorophyll from corn in ether.^ The fluorescence 
spectrum of i)rotochlorophyll from wheat in me- 
thanol, as recorded by Dhere (31), is inserted in 
Fig. 2 to illustrate the influence of the solvent 
on the position of the fluorescence band. The 
marked difference in the absorption spectra of 
])rotochloroph)’ll and of the green pigment from 
etiolated corn is clearly visible. 

Solutions of i)rotuchlorophyll or of the green 
pigment in acetone, alcohol, ether or pyridine do 
not turn green upon irradiation ; chlorophyll 
formation out of these pigments in vitro does not 
occur. 

a Unpublished experiments with the cooperation of 
T. Londergan. Com was chosen because it has 
a fairly rapid rate of growth and, therefore, 
renders available relatively large quantities of 
the starting material in a short time. The com 
is collected after two weeks of growth and 
worked up immediately by heating it in a steam 
sterilizer for 15 to 20 minutes at 126^0, the 
temperature which corresponds to the pressure 
of 20 lbs. per square inch. After this treat- 
ment, the com is no longer sensitive to light. 
It is dried at a temperature of 30 to AO^C, 
ground to a fine powder, and extracted. The 
heating is not considered objectionable because, 
in orientating experiments, drying and extrac- 
tion in complete darkness had led to the same 
products as the faster and more convenient 
method using the sterilizer. 

8 1 am indebted to Professors Albers and Knorr for 
the spectro-photograph of this fluorescence 
spectrum. 
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FIGURE 2 
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FIGURE 4 


Fig. 3 represents the absorption spectra of pure 
chlorophyll a and b for comparison with the spec- 
trum of protochlorophyll from corn. The absorp- 
tion spectrum of the green pigment from the 
inner coat of hemp seed is also shown. The 
latter substance was prepared by extracting the 
seed coats with ether in an extractor. The last 
two spectra in Fig. 3 represent the absorption of 
protochlorophyll from pumpkin seed (drawn 
from Monteverde's data) and of protochlorophyll 
from corn, both in alcoholic solution. 


In order to obtain artificial decomposition pro- 
ducts for comparison purposes, the reductions of 
chlorophyll (o + of pheophytin (a + b), 
and of pure chlorophyll a were performed.'* The 
properties of the resulting substances differed 
from the properties observed by Noack. Hydro- 
chloric acid fractionation of the reaction mixtures 
led to a series of pigments. Fig. 4 records the 
absorption spectra of some of these fractions. 

4 Unpublished experiments with the cooperation of 
J. Hyde and F. Hower. 
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Fischer (32), upon repeating Noack's experi- 
ments, also arrived at results which showed dis- 
crepancies. It is difficult to give reasons for these 
failures to reproduce Noack*s findings : there may 
be a variation due to the amount of iron used 
(the original reference does not specify a quan- 
tity), or there may be a difference in the starting 
material. The chlorophyll for our experiments 
was prepared according to the method which 
Willstatter describes in his book, with the im- 
provements suggested by Schertz (33). The 
separation of the components a and b was per- 
formed according to Winterstein (34) by selec- 
tive adsorption from a mixture of the chloro- 
phylls in benzene-petroleum ether solution (1 :14 
by volume) on dry and finely powdered sugar. 
None of the pigments prepared by reduction with 
formic acid and iron underwent color change 
from red or purple to green when a solution was 
exposed to light. 

An attempt is being made to isolate Timiria- 
zeff*s colorless chlorophyll. In these experiments 
considerable difficulties in handling the reduced 
chlorophyll were encountered, since its solution is 
extremely sensitive to oxygen. Our method® is 
based on Tswett's adsorption analysis. 


The absorption spectra of the originaf and tlw 
recovered chlorophyll solutions resemble each 
other very closely, a fact which has led to the as- 
sumption that the two spectra were identical and 
that the original chlorophyll had been regenerated 
(Tiniiriazeff; Kuhn; Albers, Knorr and Rothe- 
mund (35) ). In their study of the fluorescence 
spectra of the solutions in different states of the 
reaction Albers, Knorr and Rothemund have, 
however, found considerable differences between 
the original chlorophyll and the recovered chlo- 
rophyll. Now the difference has also been esta- 
blished for the absorption spectra. The solution 
of the reoxidized chlorophyll a in ether exhibits 
positive phase test. The cleavage test yields a 
relatively small amount of chlorin <?, the normal 
cleavage product of chlorophyll a, and a larger 
amount of a substance of chlorin character which 
can be extracted with 12% hydrochloric acid. 
The basicity test indicates that the phytyl group 
is still intact. 

Fig. 5 shows the absorption spectra of the dif- 
ferent products from Timiriazeff's reaction, to- 
gether with the spectrum of chlorophyll a for the 
pur|X)se of comparison. 
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FIGURE 5 


s Unpublished; developed with P. Hower and T. 
Londergan. Reduction, chromatographic sepa- 
ration, and elution of the pigments are per- 
formed in the chromatogram tube, in an atmo- 
sphere of an inert gas. The tube is fiUed with 
the adsorbens (powdered sugar or aluminum 
oxide is suitable) and a layer of two to three 
cm. thickness of zinc is placed on top of it. The 
pyridine solution of chlorophyll, containing the 
organic acid (in most cases acetic acid) is run 
slowly through the two layers by suction under 
nitrogen atmosphere. Reduction takes place 
while the solution passes the zinc, and the re- 
action product is immediately adsorbed on the 
adsorbens in form of a brown 29one. Elution 
imder nitrogen with pyridine, acetone, or ether 
yields colorless or yellow solutions, in higher 
concentration the liquids are of brown or au- 
burn color. When the tube containing the brown 
adsorbate is exposed to air, the reduction pro- 
duct turns green in a very short time. The 
same color change takes place upon exposing 
the solutions of the reduced chlorophyll to air 
or oxygen. Attempts to prepare the brown 
compound in solid form have so far been un- 
successful. 


The reduction of chlorophyll with zinc and acid 
in pyridine solution was also performed in an 
atmosphere of carbon dioxide. This observa- 
tion is contrary to Kostytschew’s statement that 
protophyllin turns green in oxygen or carbon 
dioxide. 

In the fluorescence study referred to above, 
chlorophyll a and chlorophyll b were subjected to 
Tiniiriazeff s reaction in nitrogen and in carbon 
dioxide, and then reoxidized in air. The fluores- 
cence spectra of the original, the reduced, and the 
reoxidized solutions were photographed with the 
set-up described by Albers (36). The densito- 
meter curves on Fig. 6 and Fig. 7 indicate that 
the reaction in nitrogen atmosphere is different 
from the reaction under carbon dioxide. This 
statement holds for chlorophyll a as well as fin* 
chlorophyll b. 

For the sake of clearness, each reaction is repre- 
sented by two diagrams; in one of them, the 
curve for the recovered material is plotted agninat 
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FIGURE 6 


the curve for the original substance, in the other 
diagram, the curves for the recovered and for 
the reduced compounds are shown. In all cases 
the maxima of the fluorescence bands of the re- 
duced and of the recovered materials appear at 
shorter wavelengths than those of the original 
chlorophyll. 

These reduction experiments in nitrogen and in 
carbon dioxide atmospheres point to the existence 
of compounds between chlorophyll and carbon di- 
oxide, and between the reaction products and 
carbon dioxide. In a recent investigation Knorr 
(37) studied the fluorescence of chlorophyll and 
some of its derivatives in atmospheres of diflfer- 
cftt gases. His conclusions from the experiments 
under carbon dioxide support this assumption. 

The present status of the protochlorophyll 
problem may be summarized briefly in the fol- 
tewing statements : 


1. Protnchlorophyll, supposedly the precursor 
of chlorophyll in the plants, has not been pre- 
pared in pure state so far. 

2. The reaction : 

protochlorophyll from plants — ► chlorophyll 
has not been i)er formed in vitro, 

3. Timiriazeff’s reaction cannot be explained 
as a reversible hydrogenation and dehydrogena- 
tion of the chlorophylls. Absorption spectra, 
fluorescence spectra, and cleavage products indi- 
cate that the green pipnents in the reoxidized 
solutions are different from the chlorophylls sub- 
jected to the reaction. 

4. No chemical reaction is known which 
would lead from chlorophyll back to protochloro- 
phyil 

5. The chemical character of the green pig- 
ment, isolated from etiolated corn by chromato- 
graphic analysis, and its physiological role, re- 
main to be determined. 
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Discussion 

Dr, Emerson : Has it ever been shown that 
the living green j)lant can change protochlorophyll 
into chlorophylP 

Dr. Rothemuiul : No; it lias only been demon- 
strateri that after irradiation of the plant the pro- 
t(x:hlorophyll absorption spectrum becomes weak- 
er and the chlorophyll spectrum appears. 

Dr. Emerson: 'I'he protochlorophvll does not 
disap]>ear entirely. Do you usually find it accom- 
panying chlorophyll in living leaves? 

Dr. Roihemund : It is probably present in all 
green leaves along with chlorophyll. 

Dr. French: Does the protiKhlorophyll re- 
form again in the dark, perhaps from chloro- 
phyll ? 

Dr- Rothemund: It forms again in the dark, 
whether from chlorophyll, from the precursor, or 
from both is not known. 

® I am greatly indebted to Dr. Schertz for his kind- 
ness in demonstrating to me his method of pre- 
paring chlorophyll in the Laboratories of the 
U. S. Department of Agriculture in Washing- 
ton, D. C. 


Dr. Burk : Have you any idea of the relative 
concentration of the protocWorophyll in the plant 
before it is “changed into chlorophyir' — does it 
ever attain 75, 10, or 1% of the chlorophyll 
eventually formed? 

Dr. Rothemund : As far as I know, quantita- 
tive investigations in this direction have not been 
published as yet. 

Dr. Burk: It is imixirtant that the proto- 
chlorophyll should have a relatively high concen- 
tration in relation to chlorophyll otherwise a pre- 
cursor of protochlorophyll, existing in greater 
concentration, might be of considerably greater 
importance and interest, even though it were more 
difficult to isolate. 

Dr. Emerson: Do technical difficulties or lack 
of material stand in the way of preparing proto- 
chlorophyll in pure form? 

Dr. Rotheimmd: Primarily the lack of mate- 
rial; very large quantities of etiolated corn are 
necessary to prepare fairly concentrated proto- 
chlorophyll solutions. 

Dr. Rollcfson : It is not surprising to me that 
the product obtained by reducing chlorophyll with 
zinc is not reoxidized to the original substance. 
Zinc is a powerful reducing agent and might be 
expected to produce several changes in the mole- 
cule, some of which will not he reversed by the 
action of oxygen. Witli a weaker reducing agent 
it may be possible to bring a!x)ut only one change 
and then there would be a better chance of ob- 
taining the original chlorophyll by reoxidation. 
Phe choice of such a reducing agent is rendered 
difficult by our lack of knowledge concerning 
electrode potentials in non-aqueous solutions, but 
qualitative tests should establish the order suffi- 
ciently to aid in making this choice. Some of the 
best prospects would be the more noble metals. 

Dr. Mestre: I should think that the distinct 
differences in the spectra of the original chloro- 
phyll and of the reoxidized material indicate the 
correctness of Rollefson*s contention tliat the 
process of reduction used lias produced changes 
in the molecule and that it has not been possible 
to reverse these by reoxidation. 

Dr. Rothemund : Experiments are in progress 
now to test different reducing agents, particularly 
mercury. 
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BEHAVIOR OF CHLOROPHYLL IN INHERITANCE 

M. Demerec 


In this review there is no intention either to 
go into the details of genetic analysis of various 
chlorophyll types or to present a complete review 
of the genetic work done on chlorophyll. The 
primary purpose is to point out to students of 
physiology and chemistry of chlorophyll the ex- 
istence of internal hereditary factors responsible 
for profound differences in chlorophyll content 
in various plants^ and to stress the fact that an 
abundance of genetically uniform material may 
easily be obtained for chlorophyll studies. 

Genetics of chlorophyll has been most inten- 
sively studied in maize. Fortunately this plant 
is also convenient for other experimental studies, 
Ijecause, due to its fast growth and easy culture, 
an abundant supply of material can readily l)e 
obtained. For these reasons, I shall center my 
discussion on maize and shall refer only occasion- 
ally to work done on other plants. 

A general review of chlorophyll inheritance 
lias been prepared recently by deHaan (1933), 
and a list of chlorophyll characters of maize with 
short descriptions has been published by Eyster 
(1934). 

Heredity of chlorophyll types. In inheritance, 
chlorophyll shows more peculiarities than any 
other known plant characteristic. In addition to 
a large number of Mendelian types, there is 
known among chlorophyll characters a large 
group of types which are inherited in a non- 
Mendelian fashion. In that group the bearers 
of heredity appear to be extranuclear and, in 
certain cases, it seems probable that plastids may 
be responsible for the transmission of the charac- 
ter. These non-Mendelian types are of interest 
for students of heredity, but they shall not be 
reviewed here, since they could play, at best, only 
a secondary role as material for chlorophyll in- 
vestigations. 1 shall therefore limit this pre- 
sentation to Mendelian chlorophyll types. 

In inheritance, chlorophyll lieliaves like any 
other characteristic such as anthocyan color, leaf 
shape, size, flower shape, etc. Its presence or 
absence, and also its concentration, are influenced 
by numerous genetic factors (genes) which are 
inherited in the usual manner. The presence of 
chlorophyll in the majority of plants and its im- 
portance in the vital processes of green plants do 
not in any way decrease the role which various 
genes play in its expression. Just the opposite 
seems to be true. The wide distribution of 
chlorophyll and the essential part it plays in the 
life of green plants are undoubtedly responsible 
for the existence of a large number of genes hav- 
ing a striking effect upon it 


In the case of chlorophyll, as in other charac- 
teristics, the most common types arc simple Men- 
delian recessives, indicating that the physiological 
disturbance causing the appearance of a paiticit- 
lar characteristic is usually the result of the 
action of one gene. A number of cases are 
known, however, where two or three genes arc 
responsible for the appearance of the characteris- 
tic. Since most inherited characters affecting 
chlorophyll are detrimental to the plant, a strong 
selection against dominant types is effective un- 
der ordinary conditions. Such types, therefore, 
one would expect to be rare. They have been 
described in Antirrhinum (Baur 1907), Urtka 
(Correns 1922), Crepis (Collins 1924), and Nk 
cotiam (Lodewijks 1911). In maize, a domin- 
ant-lethal pale green character has been observed 
on a plant in which it originated (Kempton 
1924). 

it is commonly found among chlorophyll 
characters that types identical in appearance arc 
determined by different genes. For example, in 
maize, 13 genes are known, each of which in- 
dependently produces albinos (Demerec 1926), 
20 are known to produce virescent types ( Phipps 
1929), 30 various pale greens (Maize circular 
letters), 4 piebald seedlings (Demerec 1926a) ; 
and 4 zebra stripings (Demerec 1924). A simi- 
lar condition was discovered in sorghum (Karper 
and Conner 1931), and could undoubtedly be 
found in other plants if an intensive study were 
made. 

Description of chlorophyll types. It is usually 
true that in any group where a large number of 
types is available, classification into sharply 
limited classes is not possible because of the ex- 
istence of intermediate forms. In such cases, 
the division line between classes is of necessity 
arbitrary. Such a situation is found in chloro- 
phyll. Known chlorophyll types can be grouped 
into several apparently distinct groups, but in- 
termediate fonns are known to exist. 

For genetic purposes chlorophyll types are 
divided according to their appearance at certain 
stages of development of the plant. In a few 
instances an attempt was made to make qualita- 
tive and quantitative measurements of the plastid 
pigment. In spite of the fact that the technique 
used in these measurements was so crude that the 
results only approximate the actual conditions, 
the analysis gave a means of separating chloro- 
phyll types on a more exact basis than mere ap- 
pearance. This method has been particularly 
used in the case of pale green types. It cem- 
sists of extracting the pigment with ethyl alcotol^ 
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separating green and yellow parts with petrol- 
erfia:*, and a)lorimetrically comparing the extracts 
of normal and pale green seedlings. 

Fbr the puipose of this review chlorophyll 
typoi will be divided into four groups viz: 

h albinos, in which plastid pigment is absent 
and which because of the lack of chloro- 
phyll, die in an early seedling stage ; 

2. virescent types, which are albinos in the 
early seedling stage but develop pigment 
later ; 

3. pale-green types, in which the quantity of 
pigment is reduced at certain stages of the 
development; and 

4. variegated types, in which the chlorophyll 
content differs in different regions. 

I shall briefly descrilie here the principal char- 
acteristics peculiar to the types telonging to each 
of these groups. 

Albinos, Albinos are the must frecjuently 
found of abnormal chlorophyll types. They have 
been observed in so many si)ecies that the con- 
clusion is justified that they may occur wherever 
chlorophyll is present. In maize, albinos are 
present in a heterozygous state in many commer- 
cial varieties (Hutchison 1922) from which they 
can be brought out by inbreeding. Experiments 
indicate that a large proportion of these albinos 
is determined by genetically different factors 
(Demerec 1923, 1926). In maize at least 13 
such factors are known at the present time (De- 
merec 1926), and only the amount of labor re- 
quired to complete the necessary tests is keeping 
this number from l)eing greatly increased. 

In the early seedling stage, albino seedlings are 
snow white since they possess practically no plas- 
tid pigment. 1'he seed, producing albinos, germ- 
inates at the same time a.s the seed producing 
green seedlings, and in certain lines, at least, al- 
bino seedlings grow at the same rate as green 
seedlings until they reach the three leaf stage 
when they stop growing and die. The reserve 
food present in the seed is apparently sufficient 
to keep the seedlings growing until the three 
leaf stage. Since albino and green seedlings do 
not differ in rate of growth during their early 
life, it seems probable that the assimilation pro- 
ducts of young seedlings do not contribute signi- 
ficantly to their growth. In certain albinos, 
chlorophyll begins to appear at the tips of leaves 
just before the death of the seedlings. It does 
not develop sufficiently, however, to supply the 
necessary food material after the reserve food 
from the seeds is exhausted. 

A cytological investigation of al!)ino seedlings 
of maize was made by Miles (1915) and later 
also by Randolph (1922). Miles concluded that 
plastids are entirely absent from albino plants. 


Randolph's studies revealed, however, that the 
plastid primordia proceed to develop at the same 
rate in albinos as in green seedlings, but in the 
case of albinos this development stops and a de- 
generation process begins approximately at the 
stage comparable to that at which chlorophyll 
appears in a green plant. Randolph's conclusion 
is that the failure of the plant to Income green is 
not due to the absence of plastids or plastid prim- 
ordia. 

Albino seedlings, therefore, possess in a rudi- 
mentary state the organs (plastids) in which the 
color develops, but lack some physiological 
mechanism essential for the development of plas- 
tid color. This condition is brought about by the 
genetic constitution of the plant. 

Several genes are known in maize which, when 
present together with the gene for albinism, in- 
duce the development of yellow pigment in albino 
seedlings. Such fjeedlings have a lemon yellow 
color and are called luteus seedlings. They die 
because of the lack of chlorophyll. According to 
Lindstrom (1918), yellow pigment of this type 
closely resembles xanthophyll. It is insoluble in 
water and weak alcohol, but readily dissolves in 
strong solutions of ethyl alcohol (95%). 

An albino line is propagated through the green 
sister plants of albinos. A selfed green plant 
heterozygous for an albino gene will transmit al- 
binism to one quarter of its offspring; two third? 
of its green offspring will again be heterozygous 
for albinism and will thus be able to propagate 
the albino line. 

Virescent seedlings. The main characteristic of 
virescent seedlings is a delay in chlorophyll de- 
velopment. In early life certain types look like 
albinos, but as they grow older, chlorophyll be- 
gins to develop in the tips of the leaves and soou 
the whole seedling becomes green. New leaves, 
appearing after a seedling becomes green, are also 
green, and the mature virescent plants do not dif- 
fer in green color from normal green plants. 

Since virescents of maize are among the most 
useful diaracters for genetic research, they have 
been intensively studied, and so far twenty gen- 
etically different virescent types have been estab- 
lished (Phipps 1929). Many of these tyj)es dif- 
fer greatly from each other in the rate at which 
the chlorophyll develops. At the one extreme, 
are plants which become green only if grown 
under favorable conditions, and at the other ex- 
treme plants which under the same circumstances 
do not show the albino characteristics at all. Vir- 
escent types are known in which chlorophyll de- 
velopment does not proceed sufficiently fast for 
seedlings to live. Such types, however, are less 
desirable from the genetic standpoint, and they 
have not been included in the material studied. 
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It has been observed that virescent seedlings 
become green sooner if grown in the sttmmer 
than if grown in the winter. Experiments indi- 
cate (Demerec 1924a) that temperature is re- 
sponsible for this difference. The other factors 
tested were light duration and light intensity. It 
has been noticed that different virescent types 
show differences in their reaction toward tem- 
perature. 

Pale-green types. To a physiologist or a bio- 
chemist this group offers interesting material be- 
cause of the variety of types differing in the 
amount and composition of plastid pigments. In 
maize about 30 genetically different pale green 
types are known. Certain of them do not live 
beyond the seedling stage, others are pale green 
as seedlings but turn green later, still others are 
pale green both as seedlings and as mature plants, 
and the last group have green young plants which 
become pale green as they reach maturity. For a 
number of these types an estimate of chlorophyll 
content was made. Since this knowledge is of par- 
ticular interest to students of chlorophyll these 
types will be described here in detail. 

The results of chlorophyll analysis are shown 
in Table 1. 


served by Correns (1919) in the case of the 
xantha character of Capsella. Xantha plants 
grow better if they are not exposed to full sun- 
light 

Pale green-1, 3, 4 and 5 types do not live be- 
yond the seedling stage. Chlorophyll content 
analysis indicates that they have more pigment 
than the xantha types, but they nevertheless all 
die as young seedlings. Especially interesting in 
thio respect is pale-green 5. Chlorophyll analysis 
indicates that the seedlings of this type have 
about 71 - 83% of normal chlorophyll content 
In the early seedling stage they look so much like 
green seedlings that they can be distinguished 
from them only with difficulty, but as they grow 
older they begin to appear water-soaked and in- 
variably die before reaching the age of four or 
five weeks. Seedlings were grown under various 
environmental conditions, but no conditions were 
found favorable enough for survival. 

It is of interest to note that pale-green-S seed- 
lings, which possess about 71-83% of chloro- 
phyll, die at about the same stage as do albinos, 
which do not possess any chlorophyll at all. Both 
of them die in the three leaf stage apparently 


Table 1. Chlorophyll content of different pale green types of maize. 


Name 

Symbol 

Percentage of Pigment 

Authority 


Green 

Yellow 

Xantha- 1 

xn-1 

10.7 

normal 

Trajkovich 

1924 

Xantha-2 

xn-2 

10 

normal 

Demerec 

1925 

Pale green- 1 

pg-i 

15 

50 

Brunson 

1924 

Pale green-2 

Pg-2 

S3 

normal 

Demerec 

1925 

Pale green-3 

pg-3 

28.2-30.7 

normal 

»» 

9t 

Pale green-4 

pg-4 

38.5-50.5 

normal 


»* 

Pale green-5 

Pg-5 

71.5-83.5 

normal 

ty 

99 

Golden-1 

g-1 





upper leaves 


50 

normal 

9t 

99 

lower leaves 


8.7 

normal 

ff 

99 


The two numbers in the percentage column stand 
for the highest and lowest values in cases where 
determinations were made several times by using 
different material. All of these plastid pigment 
determinations were made by the method men- 
tioned earlier. 

Both the xantha- 1 and the xantha-2 types are 
pale green throughout the life of the plant. Xan- 
tha plants reach maturity but they are very weak 
because of the deficiency in chlorophyll content. 
It is interesting to note that about 10% of the 
normal chlorophyll content is sufficient to keep a 
plant alive. A similar condition has been ob- 


after the reserve food from the seed is exhausted. 
A close examination of the dying pale-green 
plants shows that they have a well developed root 
system, but that the roots are practically dead, 
just as in the case of the albinos. This may in- 
dicate that the chlorophyll in the pale green-5 
does not develop to the stage at which it is cap- 
able of photos 3 nithesis and that the roots and 
leaves die due to lack of food. It is highly im- 
probable that the lack of chlorophyll is the cause 
of the death of these seedlings, since xantha types 
possessing only about 10% of normal chlorophyll 
content arc able to live to maturity. 
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The golden type referred to in Table 1 was 
first described by Lindstrom (1918), Usually 
golden plants are normally green in the seedling 
stage, although some of them, when grown under 
Special conditions, appear yellowish. After a 
plant is a month or more old, the green color be- 
gins to disappear, gradually giving rise to a yel- 
low-green and finally to a yellowish golden color. 
The first indications of the change appear in the 
tijps of the older leaves, then gradually the chloro- 
phyll decomposes or disintegrates, the yellow 
color extends to all the leaves, and at the same 
time the stalk becomes yellow. Plastid pigment 
determination (Table 1) was made when golden 
plants were in the tasseling stage, when the up- 
per leaves had just begun to lose their chlorophyll 
and the lower ones were already golden yellow. 
At that time the upper leaves had about 50% of 
the green pigment and the lower leaves about 
8,7% while the amount of the yellow pigment ap- 
peared to be normal. 

Variegated types, A number of variegated 
types with normal and chlorophyll deficient tis- 
sues adjacent to each other are known in maize 
and also in many other plants. In the case of 
maize variegated types vary in regard to pattern, 
from those with fine streaks to those with wide 
bands of contrasting tissue, and in regard to the 
plastid pigment, stripes may be either albino, yel- 
low, or i-mle green of different intensities. 

To those working with plastid pigments the 
japonica type of maize may be useful for certain 
experiments. Japonica type is well known and 
is frequently used for ornamental purposes. The 
plants of this type have longitudinal stripes which 
may be white or yellow. If a genetic factor for 
the anthocyan pigment is present in such plants, 
white stripes become red giving the plants an ef- 
fective ap|>earance for ornamental purposes. The 
stripes vary in width from narrow streaks to wide 
bands covering one half of a leaf or even more. 
Very few seedlings show striping, since stripes 
develop mostly on late appearing leaves. When 
the luteus factor is present in japonica plants, 
stripes which are usually white become yellow, 
because the luteus factor permits the development 
of the yellow plastid pigment. 

Another group of variegated types of maize 
which may & of interest to the students of plas- 
tid pigment are piebalds. Three of them have 
been described (Demerec 1926), Leaves of these 
types have large blotches devoid of plastid pig- 
ment. Piebald-4 is particularly prominent and 
shows blotches both on seedlings and on the ma- 
ture plants. 

Discussion, It is an established fact that chlor- 
ophyll may be visibly affected by a large number 
of genes. Some of these genes prevent the de- 


velopment of clilorophyll entirely and thus are 
responsible for the appearance of albinos, others 
delay the chlorophyll development and produce 
virescent types, others partially reduce the chlor- 
ophyll content causing the appearance of pale- 
green types, and finally, some of them produce 
regional effect and are responsible for various 
variegations. This shows that the plastid pig- 
ment can undergo a variety of transformations 
through changes in the hereditary constitution of 
the plant. The available evidence is definite to 
show the existence of quantitative differences be- 
tween chlorophyll types, and certain results may 
be interpreted as due to the existence of qualita- 
tive differences in the plastid pigment. To es- 
tablish such differences, however, a special tech- 
nique is required which is not adjusted to the fa- 
cilities of geneticists studying this problem. Bio- 
chemists interested in the chemistry of chloro- 
phyll may find the genetically unifonn material 
accumulated by geneticists a gold mine for their 
investigations, just as the study of chlorophyll 
inheritance is a gold mine for geneticists. 

Genetic research made it evident that no single 
gene is responsible for the appearance of any one 
characteristic. The phenotype of an organism is 
determined by the interaction of the whole com- 
plement of genes w^hich the organism possesses. 
These genes form a balanced system, and any 
cimnges in the genes disturb tliis balance; this 
disturbance may be registered by the organism as 
a definite characteristic. The appearance of a 
chlorophyll character, therefore, may be visualized 
as caused by a disturbance in the physiological 
balance within the organism due to a change in a 
certain gene. Since a gene probably has a specific 
action, a change in a certain gene is likely to af- 
fect a certain type of reaction and thus to exert 
a major influence on a single characteristic. 

It IS known that several genetically different 
changes may produce a very similar visible effect 
on the organism. For example, 13 different 
genes are known in maize, any one of which when 
prCvSent is resi)onsible for the appearance of al- 
binism. This indicates either that these different 
genes are responsible for similar reactions result- 
ing in albinism or that a similar end-product may 
be produced in several different ways. Both pos- 
sibilities are probable and undoubtedly both of 
them do occur. In the case of albinism it may 
be possible that the character is brought about 
through some physiological condition which pre- 
vents the development of the plastid pigment, or 
it is possible tliat a certain physiological condition 
is detrimental to the growth of plastids and there- 
fore the pigment normally present in them is not 
able to develop. Again, it may l>e possible that 
a certain gene causes the absence of plastids. All 
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such and stuiilar conditions would produce the 
same end-effect, although the processes responsi- 
ble for it would not be related. A similar situa- 
tion is possible in the case of other chlorophyll 
types. All this points to the advisability of fol- 
lowing in chlorophyll experiments a rule which 
was found to be very important in many other 
studies viz: that genetically known and uniform 
material should used for experimental pur- 
poses. To those conducting breeding work with 
maize this belief is strengthened through the 
everyday experience of observing fairly striking 
differences in green color of various families. As 
previously pointed out, qualitative differences in 
the pigment may be responsible for these color 
differences, in which case results of chemical 
analysis may be affected by the type of material 
used. 

A comparison of the size of plastids of various 
chlorophyll types of maize indicates that the size 
of plastids is correlated with the amount of pig- 
ment present. Trajkovich (1924) determined the 
chlorophyll content and measured the size of plas- 
tids of four chlorophyll types of maize and found 
a correlation between the two, Trajkovich *s data 
are given in Table 2. 


Table 2. 

Chlorophyll analyses and plastid measurements 
of different chlorophyll types of maiae. 


Type 

Relative Amount of 
Pigment Present 

Average Size 
of Plastids 


Green 

Yellow 

(Microns) 

Green 

100 

100 

6.19 ± 0.42 

Xantha 

19.7 

100 

4.62 ± 0.04 

Yellow 

6.1 

100 

3.19 ±0.04 

White 

0 

0 

Primordia 


From this discussion it is evident that the pres- 
ence or absence of chlorophyll in plants is deter- 
mined by the selective value of the character. 
Every plant, apparently, possesses the mechanism 
for developing a race devoid of chlorophyll. Since 
the life of the great majority of plants is not ad- 
justed to the chlorophyll-less condition, races 
without chlorophyll are not found. If, however, 
albino plants were able to survive, albinism in 
chlorophyll would he more frequent than the al- 
binism among flower colors. 

I will conclude this presentation by summariz- 
ing briefly the results of the genetic analysis of 
cMorophyll in maize. About one hundred geneti- 
cally different chlorophyll characters are known 
in that plant, some of which manifest themselves 
in the seedling stage only, others in the mature 


plants only, and still others appearing both 
in seedling and in mature plants. In 
to the chlorophyll content they range ttom 
albinos, which are entirely devoid of chloro- 
phyll, through virescent types in which the devel- 
opment of chlorophyll is delayed, to pale greens, 
which again vary from types with very little pig- 
ment to those having almost the normal amount. 
Also a large numter of variegated types arc 
known with regions in which the pigment is re- 
duced. In each of these groups several characters 
are known similar in appearance but differing in 
theit genetic constitution. 

Atl this material offers an almost virgin field 
for biochemical and physiological studies of chlor- 
ophyll. It seems to me that a cooperative effort 
of geneticists, physiologists and biochemists 
would be highly profitable in utilizing to the limit 
the great opportunities available in this field.* 
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* Demonstrations, — ^When this paper was read, the 
following chlorophyll types were shown as grow- 
ing seedUngs. The seed for the majority of them 
was obtained from Dr. M. M. Rhoades, formerly, 
of Cornell University and now of the U. S. De- 
partment of Agriculture, Ames, Iowa. 

1. Albino seedlings (wll), 2. Luteus seedHiigt 
(Ijlj WjW^), 8. Virasoent-2 (v2), 4, Viresceiit-4 
(v4), 6. Xantha-2 (xn 2), 6. Pale-green-8 (pg 
3), 7. Pale-green-4 (pg 4). 8. Vlrescent-pa£»- 

green, 9. Piebald 4 (pb 4), and 10, Tellow 
striped-l (ys 1). 
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Discussion 

Df. Harris: All the chlorophyll differences in 
Table I seem to be quantitative. You mention 
that certain results may be interpreted as due to 
the existence of qualitative differences in plastid 
pigments. Would you describe these results? 

Dr. Diemerec: Xantha types with about 10% 
of chlorophyll are able to live to maturity, while 
some pale peen types with as high as 80% of 
chlorophyll die in the early seedling stage. If 
this death is due to chlorophyll, that would sug- 
gest that chlorophyll in xanthas and lethal pale- 
greens is qualitatively different. 

Dr. Harris: Have any spectroscopic studies 
been made ? 

Dr. Demerec ; Not so far as I know. 

Dr, Emerson: Have any of the albinos l)een 
kept alive by feeding with organic material? 

Dr. Demerec : It has been tried, but without 
success. 

Dr. Emerson : Have the cultures been free of 
bacteria? 

Dr. Demerec: I doubt if cultures free of bac- 
terial have been used. 

Dr. Emerson: From these experiments on 
maize, it seems to me one cannot be sure that 
lack of the products of photosynthesis causes the 
defective seedlings to die in early stages. Do you 
think inability of the albinos to take necessary 
elements in through roots might be the cause of 
their premature death? 

Dr, Demerec : Yes, very likely, in some cases 
at least. There are, however, many hereditarily 
unrelated albinos, so that it might be expected 
that in all cases the inability to absorb nutrients 
would not go together with the deficiency in 
chlorophyll. 

Dr. Inman : Corn is very inefficient in absorb- 
ing organic nutriment through its roots. 

Dr, Emerson: Have you tried floating the 
leaves on sugar solutions? 

Dr. Demerec ; I do not recall whether that has 
been tried or not. 

Dr. Marshak: In the case of the virescents, 
the first appearance of chlorophyll in the tips of 
the leaves suggests that an inhibitor of chloro- 
phyll may be transported from the region of the 
endosperm into the leaves. If that were the case, 
one might expect that with the endosperm re- 
moved the chlorophyll would develop sooner. Has 
that been tried ? 

Dr, Demerec : I think it has not been tried. 

Dr, Harris: The variegated forms indicate 
that cells, lacking chlorophyll, whether albinos or 
luteus containing cells, can live, provided they re- 
ceive sufficient nutriment. How sufficient nutri- 
ment can be supplied experimentally in the case 


of plants which are completely albinos or luteus, 
is a question. 

Dr. Demerec : The only successful way known 
to me to keep albinos alive is through grafting. 
Since in monocotyledons grafting is not possible, 
this method cannot be used in maize. It has been 
used, however, by Dr. Blakeslee in Datura and 
also by others in certain other plants. 

Dr. Marshak: Has anybody studied respira- 
tion rates of these different types of seedlings? 

Dr. Demerec : Not with maize. 

Dr. Inman: You spoke of multiple genes in 
some instances. Do they have cumulative effects ? 

Dr. Demerec: No. There are a few cases 
known where the chlorophyll character is deter^ 
mined by duplicate genes in which both genes 
have to be present in order that the character ap- 
pear. 

Dr, Brackett : Are there any cases where the 
amount of carotinoid pigments is reduced in re- 
lation to the amount of chlorophyll? 

Dr, Demerec : No. None are known. From 
the genetic standpoint there is no a priori reason 
why they should not exist. In any case they 
would not be easy to detect by mere appearance. 

Dr. Brackett: One thing we would like to 
have is a plant in which the carotinoids are sup- 
pressed and the chlorophyll normal. One won- 
ders whether the carotinoids are involved in the 
synthesis of chlorophyll so that this condition of 
relatively low carotinoid may never be possible. 

Dr. French: Is the existence of albino and 
luteus forms evidence that genes for production 
of chlorophyll and production of carotinoids arc 
separate ? 

Dr. Demerec: It shows that we know genes 
which affect the development of the yellow pig- 
ment without affecting the development of the 
green pi^ent (luteus genes). If such a gene is 
present in an albino plant, yellow pigment will 
develop. 

Dr. Marshak : If you were to extract the nor- 
mal sibs of the white albinos and the yellow and 
found in both cases the same amount of carotin- 
oid pigments, it seems to me that you might ob- 
tain some information about the development of 
chlorophyll. The question has been raised as to 
whether the carotinoids may be precursors of 
chlorophyll or are unrelated products. If the ex- 
tracts of the nonnal luteus sibs showed a higher 
carotinoid content in proportion to chlorophyll 
than the normal sibs of the albinos it would in- 
dicate that the carotinoids were probably not pre- 
cursors of chlorophyll. The problem might also 
be approached by kudying the rate at which 
chlorophyll was developed in these normals after 
the sekllings had been grown in the dark. One 
might expect that chlorophyll would be developed 
more rapidly in the luteus sibs. 
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Dr, HarrU: Perhaps it should be mentioned 
that if these interesting experiments were con- 
ducted, and even if a higher carotiiioid content in 
proportion to chlorophyll were found in the luteus 
sibs, one would not necessarily obtain evidence 
that carotinoids were not precursors of chloro- 
phyll, particularly in the event that the rate of 
chlorophyll development was not changed. Fur- 
thermore, the presence of an '^excess’* amount of 
precursor is a nonnal occurrence, if, as Dr. 
Rothemund states, in the discussion of his paper, 
the precursor, protochlorophyll, is always, (as far 
as is known) coexistant with chlorophyll in green 
leaves. Plants somewhat analogous already exist 
in nature, as Dr. Demerec has found; namely 
plants having 100 per cent luteus pigment and 
only 10 per cent of the normal amount of chloro- 
phyll. 

Dr, Marshak: Has anybody extracted the 
normal sibs of the luteus and the white albinos? 

Dr, Demerec : Not so far as I know. 

Dr, Harris : Is it known whether the thirteen 
different albinos act physiologically the same way 
or in different ways? 

Dr, Demerec : Physiological activity of albinos 
has not been investigated. This would be an in- 
teresting problem. 

Dr , Brackett : It would be very interesting to 
make photosynthesis measurements on the | 3 ale 
green types in order to compare those which are 
able, and those which are unable, to grow to ma- 
turity, both of which show some chlorophyll pig- 
mentation. 

Dr, Inman: Do all inbred strains develop al- 
binos to the same extent? We have several in- 
bred strains and we seldom see an albino. 

Dr, Demerec: Albinos, if present in commer- 
cial varieties, can be brought out through inbreed- 


ing. In inbred strains it is very easy to select 
against albinos and to eliminate them* 

Dr, Harris : Is the variegated type due to un- 
stable genes? 

Dr, Demerec: Not chlorophyll variegations 
known in maize. There are several such variega- 
tions known in other plants which are due to un- 
stable genes. 

Dr, Inman: Would you care to say anything 
about the question of the inheritance of increased 
chlorophyll content ? 

Dr. Demerec : I do not know of any work to 
increase the chlorophyll content in maize. Corn 
breeders try to develop higher yielding varieties 
and I do not know whether higher yield is cor- 
related with high chlorophyll content or not. 

Dr. Smith: Are pale green plants due to re- 
duced number of chloroplasts or to a smaller 
amount of chlorophyll in each chloroplast ? 

Dr. Demerec: Observations made by Trajko- 
vich suggest that smaller amount of pigment in 
chloroplasts is responsible for pale green appear- 
ance. 

Dr, Inman: Have you made any studies of 
chlorophyll deficiency in teosinte? 

Dr, Demerec: No. 

Dr, Mayer : Since many of these plants seem 
to have sufficient chlorophyll and yet are unable 
to use it to keep alive, have any studies on the 
structure of the plastid in those deficient forms 
been made? 

Dr. Demerec: No. 

Dr. Harris: I would like to express my com- 
j)lete support of Dr. Demerec’s suggestion of the 
value of physiologists* and biochemists’ using 
genetically tested material whenever feasible. The 
material described by Dr. Demerec would seem to 
be very suitable for certain chlorophyll studies. 
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FU;OilE»^^^p PHOTODECOMPOSITION OF THE CHLOROPHYLLS AND 
SOME OF THEIR DERIVATIVES IN THE PRESENCE OF AIR 

V. M. Albeks and H. V, Knokk 


Introduction 

The red fluorescence of solutions of chloro- 
phyll is a very obvious physical property. It was 
observed as early as 1833 by Brewster' and was 
first studied by Sir G. G. Stokes* in 1852. 
Stokes studied the fluorescence by irradiating the 
solutions with the spectrum of sunlight. He 
observed a red band of fluorescence with the first 
absorption band at about its center. He also 
observed that the modified radiation was always 
of longer wavelength than the unmodified radia- 
tion. He came to the conclusion, from his studies 


of the optical properties of the substance then 
known as chlorophyll, that it consisted of a mix- 
ture of substances and he contrived by the use 
of two immiscible solvents (alcohol and carbon 
disulfide) to separate this mixture into four 
separate pigments, two yellow and two green. It 
is interesting to note that Stokes probably used 
more nearly pure chlorophyll than anyone up to 
the time of Tswett* in 1906 and Willstatter* in 
1911. In 1864 Stokes®'® proved that biliverdin, 
the green bile pigment, was not identical with 
chlorophyll, as Berzelius supposed, by comparing 


TABLE I 






Crude Leaf Extract 



Name 

Date 



Wavelengths in m/t 


Remarks 

Hagenbach^^*®^ 

1870 

1872 



679 650 578 560 

526 

Ether Soln. 

Lommel*®* 

1876 



675 


Used monochromatic radiation 
Found Stokes^ Law did not hold. 

Lubarsch^^^^ 

1879 



686 645 614 593 565 

501 

Excited by A 665. 

Nichols and^^^^ 
Merritt 

1904 


718 



Chlorophyll was probably allo- 
merized 

Pure Chlorophyll a 

Dhere<**» 

1914 



664 


Ether Soln. Fluorescence excited 
by carbon arc. A<470 

Knorr<'»> 

and 

Albers 


734 

679 

672 633 


Ether Soln. Fluorescence ex- 

1932 



677 636 


Benzene Soln. cited by visible 



672 639 


Acetone Soln. radiation from 




675 


Methanol Soln. mercury arcs. 

Albers and*'®* 
Knorr 

1934 





No new wavelengths. Emphasis 
on Photodecomposition. 

Zschefle*'®* 

1935 

723 


668.5 


Ether Soln. Fluorescence excited 
by total radiation from incandes- 
cent lamp 

Pure Chlorophyll b 

Dhir6‘“> 

1914 



647 


Same as above 

Knorr and 
AIbers««> 

1934 





See Table II 

Zscheile<«> 

1935 

705 

672 

648.5 


Same as above 


IWde I. Summary of the determlnati<mB of the wavelengths of the bands in the fluorescmice spectra of 
Chh»q;>byll a and b 
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their absorption spectra and observing that the 
biliverdin was entirely lacking in the red fluores- 
cence so characteristic of chlorophyll. Stokes’ 
spectroscopic equipment was limited to a glass 
prism used with the naked eye. He was not 
able, therefore, to observe very accurately the na- 
ture of the fluorescence spectrum, beyond the fact 
that it consisted of a broad red band. 

Since the time of Stokes the fluorescence 
spectrum has been studied by several observers. 
Table 1 gives a summary of these observations 
in chronological order with the wavelengths of 
the bands observed. The first five observers used 
a crude extract of plant leaves. The other ob- 
servers all used clilorophyll free from other 
impurities and the two components, a and b, were 
studied separately. 'J'he most striking character- 
istic of this table is the lack of agreement be- 
tween the different observers on the wavelengths 
of the bands observed. The reasons for this dis- 
agreement will become evident as the data in this 
paper are discussed. 

The photodecomposition of chlorophyll solu- 
tions was probably first observed by Senebier^^ 
in 1788. He observed that solutions of chloro- 
phyll in acetone, alcohol, benzene and ether were 
rapidly decolorized by light in the presence of 
air. 

Studies of the photodecomposition of chloro- 
phyll have been made in which the process has 
been carried out under other atmospheres than 
air. These studies will be reviewed by Dr. 
Knorr in the following paper. The general con- 
clusions from these studies, however, is tliat the 
photodecomposition is an oxidation process. 

Wurmser^® has studied the photodecomposition 
as a function of the wavelength of the light used. 
He found that the amount of decomposition 
which takes place depends only on the amount of 
energy absorbed and is independent of the wave- 
length. He also concluded that the decomposi- 
tion is an oxidation process. It is well known 
that the chlorophyll is not nearly so susceptible 
to photodecomposition in the living leaf as it is 
in solution in organic solvents. If water is added 
to an acetone solution of chlorophyll, a colloidal 
solution is formed and in this form the stability 
of the chlorophyll in the presence of light is 
much increased. Wurmser tried the addition of 
colloids such as casein, gelatin, albumin and gum 
arabic. He found that very small percentages 
of these substances made a solution of colloidal 
chlorophyll very much more stable in the pres- 
ence of light. He found, however, that the ad- 
dition of starch had practically no effect on the 
stability of the chlorophyll. As a result of these 
experiments Wurmser suggested that the chloro- 
phyll in the living leaf is probably protected 


against photodecoittporition by tbe presence of 
colloids. 


Experimental 

A diagram of the apparatus used is shown in 
Fig. 1. Four, 150 watt, pyrex mercury arcs 



FIGURK 1. 


were used, and the system of reflectors was simi- 
lar to that used by Anand^®*^*^. The fluorescence 
spectra were photographed with a Hilger Eg 
spectrograph using Ilford h>persensitive jxin- 
chroniatic plates. The exposure times varied 
from five to fifteen minutes according to the in- 
tensity of the fluorescence of the substance being 
studied. All of the substances studied were made 
up into solutions with a concentration of one mil- 
ligram per 100 cc. of the solvent. Photographs 
of the fluorescence spectra were made at intervals 
during the photodecomposition, the length of the 
interval depending on *the rate at which the pho- 
todecomposition tc»ok place. The fluorescence 
spectra were analyzed with a point by point dens- 
itometer and the curves showing darkening on 
the plate as a function of distance along the 
plate were plotted on large sheets of graph paper. 

The substances which have been studied are 
chlorophyll a and b, methyl chlorophyllide a and 
b, pheophytin a and b, methyl pheophorbide a and 
and pheophorbide a and b, The.se substances 
may be divided into two groups according to 
whether Mg is present or absent. The Mg-con- 
taining substances are called chlorophyllides and 
those not containing Mg are called pheophorbides. 
The formula for chlorophyll a (phytyl chloro* 
phylHde a), according to Fischer®^, is given in 
Fig. 2. Methyl chlorophyllide a is form^ by re- 
placing the phytyl group with a methyl group. 
Pheophytin a (phytyl pheophorbide a) may be 
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Chlorophyll § 



FIGURE 2. 

formed from chlorophyll a by replacing the Mg 
with two H atomic. In methyl pheophorbide a 
the phytyl is replaced by a methyl group and in 
pheophorbide a it is replaced by an H. The 
corresponding b series is formed by replacing the 
methyl group at position 3 (see figure) by the 
iormyl group 

H 

= O. 

In order to study the role played by the solvent 
in the fluorescence and photodecomposition, four 
different solvents, ether, Ijenzene, acetone and 
methanol, were used with chlorophyll a and h. 
The chlorophyll in the form of the normal a and 
b mixture was kindly furnished by Dr. Frank M. 
Schertz of the U. S. Department of Agriculture, 
This mixture was separated by the methanol pro- 
cedure of Willstatter as descrilied in his book^-. 
The other substances were all prepared and 
separated into the a and b components according 
to the procedures given in Willstatter’s book*. 

Results 

It is obviously impossible to reproduce all of 
the densitometer curves which were obtained. In 

* In aU oases the substanoee used showed a positive 
Moliseh reaction (phase test) and they showed the 
correct absorption spectra. In the case of chloro- 
phyll a and b the cleavage test and the basicity test 
were made in addition to the other tests. All of the 
work of pireparation and separation of the sub- 
stances as well as the testing was done either by or 
under the direction of Dr. Paul Rothemund. 


order to show how the fluorescence varied during 
the photodecomposition a representative set of 
these curves was selected for each run and re- 
produced on charts with wavelength scales drawn 
in. The curves selected to make up a chart were 
not always selected at equal time intervals be- 
cause sometimes there are periods during which 
the fluorescence changes more rapidly than otliers. 
Figs. 3-6 show the charts of the densitometer 
curves for the substances which have been 
studied. Darkening on the plate is plotted as or- 
dinates and distances measured along the plate 
are plotted as abscissae. A wavelength scale is 
superimposed on each of the curves. Each curve 
has a time interval marked in hours and minutes 
which indicates the time elapsed since the begin- 
ning of the photodecomposition as well as the 
time of exposure of the spectrogram. On exam- 
ining the charts in Fig. 3 we find that the first 
fluorescence spectrogram for each solvent shows 
two principal maxima except in the case of meth- 
anol. Even in this case there is a slight indica- 
tion of a second maxinium on the first curve. As 
the photodecomposition proceeds the shafje of the 
densitometer curves changes and, in general, the 
resolution of the two bands becomes less pro- 
nounced while the wavelength of the maximum of 
the band farthest toward the red shifts toward 
the violet. The curves for the benrenc solution 
show quite definitely the appearance of another 
band between the two original bands at the time 
1' 00" and 2' 00". This third band apparently 
builds up as the photodecomposition proceeds and 
it quite easily accounts for the shift in position of 
the maximum of the first red band. The same 
process can be seen, although nut so clearly, in 
the case of ether and acetone solutions. Because 
the methanol solution hardly shows resolution of 
the two original bands it is impossible to see the 
third hand on the curves. In order to show the 
changes in wavelength of the bands during plioto- 
decomposition for the solutions of chlorophyll a 
in the four different solvents the diart, Fig. 7, 
has been prepared. In this chart the readings of 
the positions of the two principal hand maxima 
for the spectrograms made during the first eight 
hours of i)hotodecomposition are shown. The 
first spectrogram for each solvent was made dur- 
ing the time interval zero to five minutes, the 
second in the interval fifteen to twenty minutes, 
and so on, so that there is one spectn>gram cor- 
responding to the first five minutes of each fif- 
teen minute interval. The positions of the bands 
are shown graphically by means of the rectangu- 
lar black blocks with the wavelength scale indi- 
cated at the bottom of the chart and the wave- 
length of each band is given in millimicrons at 
the left of the block. The first spectrogram for 
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Chart showings graphically the variation in the fluorescence spectra of chlorophyll a in the four sol- 
vents during the first eight hours of photodecomposition. 


each solvent is placed at the top of the chart and 
the spaces indicate the end of each hour. 

It is obvious that in determining the wave- 
lengths of the fluorescence bands it is very im- 
portant to be sure that no appreciable photode- 
composition takes place during the time the flu- 
orescence is being measured or photographed. 
This factor probably explains some of the dis- 
agreement in the values of the wavelengths given 
by the different observers (Table I). Another 
factor is the method of determining the positions 
of the maxima from photographs of the spectra. 
The value of the wavelength of the band given by 
Dhere was made, assuming that there was only 
one band, by measuring the positions of the same 
density on each side of the band on the plate and 
assuming that the position of the band maximum 
was half way between these two points. While 
there is considerable disagreement between Dhe- 
ri*s value and ours, if we measure our densito- 


meter curves in the same way that Dhere meas- 
ured his plates the values check very well. Dhere 
mentions that special precautions were taken to 
insure no error due to photodecomposition. 
Zscheile, the only other observer to use pure 
chlorophyll a, measured his intensities point by 
point with a monochromator and photoelectric 
cell. This method requires considerable time for 
a. complete observation of the fluorescence spec- 
trum and there is chance for photodecomposition 
between the beginning and the end of a run. The 
wavelength obtained by Zscheile corresponds to 
the value obtained by us after about three hours 
of photodecomposition with our arcs. It was 
found in the early part of this investigation that 
the rate of phot^ecomposition increased quite 
rapidly with increase in temperature. For that 
reason all observations included here were made 
with the fluorescence tube cooled to five degrees 
centigrade by circulating an alcohol brine in the 
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cooling jacket***. Zscheile’s observations were 
made at room temperature. 

The densitometef curves for chlorophyll b in 
the four solvents lack the smoothness of those for 
chlorophyll o. The positions of the maxima 
which appear on these curves have been read 
from the originals and they show two surprising 
facts ; first, that the positions of these maxima do 
not change during the photodecomposition pro- 
cess and second, that they are the same in the 
different solvents. The relative intensities of these 
individual maxima, however, vary a great deal 
during the photodecomposition, some increase 
while others decrease. Table II gives a list of 
the wavelengths of these bands in the four dif- 
ferent solvents. Each of the bands not only ap- 
pears at the beginning of the run but appears 
quite consistently at the same wavelength through- 
out the progress of the photodecomposition. 

Table III gives a list of the stronger bands 
wliich appear at the beginning for both chloro- 
phyll a and b and the derivatives which have been 
studied. These values are all taken from the first 
exposure for each of the substances. The wave- 
lengths of the principal maxima are indicated by 
an asterisk. It is interesting to note, in the a 
series, that the band in the neighborhood of 650 

• The alcohol brine was cooled in a Frigidaire 
water cooler and circulated by means of a constant 
pressure pump. This pump was kindly loaned to us 
by Mr. A. E. Berdon. 


mfi does not vary a great deal in wavelength. 
This is the same band which, for chlorophyll a, 


TABLE II 


Ether 

Acetone 

Benzene 

Methanol 

564 

564 

563 

564 

568 

568 

567 

568 

590 

589 

590 

590 

592 

592 

592 

594 

596 

596 

595 

597 

601 

601 

602 

601 

603 

603 

603 

604 

607 

606 

606 

606 

613 

613 

612 

613 

617 

615 

615 

616 

620 

618 

619 

619 

624 

623 

623 

624 

640 

639 

640 

639 

647 

646 

647 

646 

649 

649 

649 

649 

651 

652 

651 

651 

670 

671 

671 

670 

679 

679 

680 

680 

683 

682 

683 

683 

685 

685 

685 

685 

690 

692 

692 

691 

699 

699 

699 

699 

709 

708 

709 

708 


Table 11. Wavelengths in millimicrons of the bands 
for chlorophyll b in the four solvents. 


TABLE III 


Chlorophyll a 

672* 



638* 






Methyl chloro- 
phyllide a 

683* 



643* 

628 

615 

605 

597 


Pheophytin a 

687* 



647* 

635 





Methyl pheo- 
phorbide a 

708 696* 682 671 

665 


645* 

636* 622 

611 




Pheophorbide a 

683* 

664 


649* 






Chlorophyll b 



657* 


637* 

619 


598 

589 

585 

Methyl chloro- 
phyllide b 

675* 


657* 


628 



596 


Pheophytin b 


670* 


648* 






Methyl pheo 
phorbide b 

689* 

669 

652* 

646* 

626 

616 

608 

602 


588 

Pheophorbide b 

683* 679* 


652* 


623 

617 

609 

606 


589 


TMe m. Wavelengths in millimicrons of the stronger hands appearing on the first e:iposures for 
chlorc^hyll a and b and the derivatives studied. 
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Charts of the densitometer curves of the fluores- 
cence spectra of chlorophyll a in the four 
solventa 

* In all curves of this and the following paper the 
sigiM ' and which conventionally designate min- 
utes and seconds are used to designate hours and 
minutes respectively. 


mm 
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PIOURB 4. 

Charts of the densitometer curves of the fluores* 
cence spectra of chlorophyll b in the four 
solvents. 
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nOURB 5. FIGURE 6. 

Charts of th« dmsltometer curves of the fluores- Charts the densitometer curves of the fluores- 
cence specfaa of the four chlorophyll a derlva- cence spectra of the four chlorc^hyll b derive- 
Uvea in acetone solution. tives in acetone solution. 
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solved in the chlorophyll derivatives than they are 
in the chlorophylls. It is also evident that the band 
present at the end of a run is nearly always lo- 
cated between the positions of the two principal 
maxima at the beginning. It is the building up 
of this band during the process of photodecom- 
position which undoubtedly accounts for the fact 
that the two principal maxima become unresolved. 
The two methyl pheophorbides are the only sub- 
stances, other than chlorophyll b, which show 
very much structure in their bands. It is found 
that both of these substances behave like chloro- 
phyll b, in that these bands appear at the same 
wavelengths throughout the photodecomposition, 
although their relative intensities vary consider- 
ably. Table IV gives the wavelengths of these 
bands for methyl pheophorbide a and methyl 
pheophorbide b. 

TABLE IV, 


Methyl pheophorbide a 

Methyl pheophorbi 

678 

687 

623 

656 

685 

618 

653 

658 

615 

649 

655 

611 

637 

635 

608 

635 

633 

605 

625 

631 

603 

608 

629 

601 

569 

627 

599 

562 

625 

597 


Table IV. Wavelengths in millimicrons of the bands 
for methyl pheophorbide a and b. 

Discussion of Results 

Although the fluorescence bands for only three 
of the substances which have been studied show 
a fine structure, this fact, taken in connection 
with the behavior of the bands for the other sub- 
stances, indicates quite conclusively that these 
bands are not simple but have a fine structure. 
In most cases the individual bands overlap to 
such an extent that it is impossible to resolve 
them under ordinary conditions. In the cases 
where they have been resolved there is probably 
considerable error in the determination of the 
wavelengths because of the overlapping of adja- 
cent bands. The results with chlorophyll b in the 
different solvents indicate that there is no differ- 
ence in the wavelengths of the individual bands 
but that the presence of the solvent does have 
considerable effect on their relative intensities. 
This change in relative intensities changes the 
shape of the envelope of the system of bands, 
thus changing the position of its maximum. The 
fact that the wavelengths of a large number of 
individual bands in the case of chlorophyll b and 


the methyl pheophorbides do not vary during the 
photodecomposition indicates that the part of the 
molecule responsible for these bands is not at- 
tacked until late in the photodecomposition pro- 
cess. An apparatus is now under construction to 
be used for studying the fluorescence spectra at 
liquid air temperature. Under these conditions 
it is hoped that the bands will be better resolved 
so that accurate wavelength measurements may be 
obtained for the individual bands of all of these 
substances. 

In this investigation substances with and with- 
out the magnesium atom have been studied, and 
also substances with the phytyl group present or 
with it replaced by a methyl group or by an atom 
of hydrogen. The general character of the flu- 
orescence remains the same in all of the sub- 
stances. This would indicate that neither the 
magnesium nor the ph}tyl group are very closely 
connected with the part of the molecule responsi- 
ble for the fluorescence. 

An examination of the charts of the fluores- 
cence curves will show that, in general, as the 
photodecomposition proceeds a band group is de- 
veloped in the region betweei^ the two original 
groups. The development of this band group and 
the variation of the relative intensities of the in- 
dividual bands in the groups are sufficient to ac- 
count for the rapid shifts which take i>lace in tfie 
wavelengths of the principal maxima during the 
photodecomposition. It is not possible to deter- 
mine, from the investigation at ordinary temper- 
atures, whether the band group which builds up 
during the photodecomposition is actually present 
at the beginning, but a study at low temperatures 
should clear up this point. 

In the early part of this investigation it was 
found that the rate of photodecomposition in- 
creased with increase in temperature. This would 
indicate that the decomposition is not entirely 
photochemical. It may be possible to slow down 
the thermal reactions sufficiently, when very low 
temperatures are used, so that the photochemical 
reactions can be separated from the ordinary 
chemical reactions. 
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Discc^s.sion 

Dr, Mestre: I would like to know a little 
more about the densitometer used. 

Dr, Albers: The spectrograms were densito- 
metered with a projection type den.sitonieter. A 
densitometer reading was made for each 0.1 mm. 
along the plate ; this distance corresponds to about 
l.l ra/i at 600 iu/a. 

Dr, Mestre: J would like to ask Dr. Albers 
whether 1 am correct in assuming that the curves 
shown simply rcj)resent the densitometer galvan- 
ometer readings plotted against wavelength. 

Dr, Albers: Yes. 

Dr, Mestre : In that case it would seem to me 
that they cannot be considered to be more than 
objective evidence that qualitative changes have 
occurred. Without correction for the characteris- 
tics of the photographic plates used it is not pos- 
sible to state the position of maxima with any 
precision, and the true form of the fluorescence 
curve may be very markedly different from that 
of the densitometer tracing. In my own photo- 
graphic observations on the absorption spectra of 
leaves and algae, using a 1 meter concave grating 
spectrograph giving a dispersion of approximate- 
ly 15 A per millimeter, I have found that the red 
absorption maximum of the densitometer tracing 
was often as much as 7 m/* on the long wave- 
length side of the corrected maximum. With the 
same plate characteristic and an emission si>ec- 
trum, the correction would, of course, have been 
in the opposite direction. It should also be 
pointed out tliat without a knowledge of the 
characteristics of the plate it is not even possible 
to say in which direction the correction will be. 


Dr, Albers: Yes, we recognize that that is 
true. 

Dr. Mestre : There are two other points which 
I would like to bring up for discussion. The first 
is the probable extent of effect of reabsorption on 
the structure of the fluorescence bands. The 
second is the possible effect of changes in the 
absorption spectrum, brought al)out by the photo- 
chemical decomposition, on the form and intensity 
of the fluorescence bands. It would seem to me 
that it was necessary to determine the changes in 
the absorption spectrum over the entire spectral 
region used for irradiation in order to interpret 
the observed changes in the loci and intensities 
of the fluorescence bands. If a series of obser- 
vations could be made using monochromatic ex- 
citation of different wavelengths, it would seem 
to me that much might be learned. 

Dr, Albers: We liave recognized these points 
and are planning to make studies of the absorp- 
tion spectra of these substances during photode- 
composition in the near future. We also plan to 
excite the fluorescence with monochromatic radi- 
ation using either a line source with filters or a 
large monochromator. 

Dr. Brackett : I was struck by the same ques- 
tion of reabsorption. Did you make any deter- 
mination of the transmission in the region, say 
from 650mft to 670 m/i in say about 5 cm. path 
in the medium with the concentration you have 
used 1 

Dr, Albers: So far we have made no meas- 
urements on the absorption of these solutions so 
it would I^e impossible to make any estimates for 
the transmissions in the region studied. We have 
noticed, however, that changes in the fluorescence 
spectra are usually accompanied by changes in 
the relative intensities of the mercury lines, in- 
dicating, in a qualitative way, that the relative 
transmissions in different regions of the spectrum 
vary during photodecomposition. 

Dr. Brackett: If one chooses such a concen- 
tration as would give a maximum total fluor- 
escence, it would be a kind of compromise be- 
tween emission and absorption, and under those 
conditions one would have just about the sort of 
balance between absorption and emission as would 
explain a good deal of the changes in character 
observed. With the gmdual destruction of ma- 
terial and consequent decrease of absorption one 
would have that split maximum changing just 
about in the way indicated. 

Dr. Albers : The red absorption band for chlo- 
rophyll falls somewhere near the region between 
the two principal maxima with its center well up 
on the side of the curve of the long wavelength 
maximum, Dhere attributes the minimum in the 
fluorescence spectrum entirely to reabsorption but 
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I do not believe that that is correct because of the 
position of the minimum. 

Dr, Brackett : Some of that discrepancy would 
be taken care of by the plate characteristics which 
would cause a shift such as that Mestre indi- 
cated. In other words, for absorption and emis- 
sion the shift would l>e in different directions 
which might tend to bring the wavelengths into 
agreement. 

Dr, Zscheile: Concerning the chlorophyll com- 
ponents, a and b, have you used the absorption 
spectra as the chief criterion of purity? 

Dr, Albers: Yes. 

Dr, Zscheile : What do you mean by the “nor- 
mal spectrum" of a chlorophyll component? 

Dr, Albers: In the case of the work with the 
chlorophylls under an air atmosphere the “nor- 
mal spectrum" of a chlorophyll component is 
essentially that given by Willstatter. 

Dr, Zscheile: Your chlorophyll h was un- 
doubtedly impure, i think that may partially 
account for the much greater complexity of the 
fluorescence spectrum of the b component. 

Dr, Albers: Of course, in the case of chloro- 
phyll b, all of the work was done with chlorophyll 
separated by the Willstatter methanol procedure. 
Chlorophyll b prepared by Willstatter s methcKl 
may contain as much as 10 to 15 per cent chlo- 
rophyll a according to Winterstein s estimation. 

In preparing chlorophyll b we were aware of 
the limitations of Willstatter’s method ; we there- 
fore subjected our product to repeated Willstatter 
separation method and used the sample of chlo- 
rophyll b thus prepared. It did not exhibit the 
band in the red region of the absorption spectrum 
cliaracteristic for chlorophyll a. 

Dr, Zscheile: I have another reason for the 
disagreement in wavelength of the fluorescence 
maxima, namely, the method of excitation. You 
used a line source and I used a continuous 
source. Your source undoubtedly contained con- 
siderable ultraviolet, with the 365 m^i line rather 
strong, while my continuous source was very 
weak in the ultraviolet. These different types of 
excitation would be expected to produce different 
fluorescence spectra. Although the 365 rxifi line 
may be weakened by transmission through the 
pyrex, it may excite more intense fluorescence 
than the visible lines. The fluorescence maxima 
might be different in relative intensity as well as 
in wavelength. In regard to the scattered light, 
when you make an exposure with a tube filled 
with solvent alone do you get any darkening on 
the plate? 

Dr, Albers: We have no evidence at the pres- 
ent time that the nature of the fluorescence of 
the chlorophylls is different when different wave- 
lengths are used for its excitation, but there may 
be a difference in the efficiency of the different 


mercury lines for exciting fluorescence. The 
mercury lines always appear on the spectrograms 
along with the fluorescence. 

Dr, Zscheile : Do your arcs emit considerable 
continuous radiation in the red region, just where 
these measurements are being made? 

Dr, Albers: As a matter of fact, we have 
made an exposure for 100 hours with a solution 
of potassium chlorophyllin in water with no evi- 
dence of a continuous spectrum in the scattered 
light. In the case of the substances studied here, 
the exposure times were from five to fifteen 
minutes. 

Dr, Zscheile: Can the wavelength shifts in 
the first fifteen to thirty minutes lie consistently 
reproduced ? 

Dr, Albers: Yes, 

Dr, Zscheile : Many of the bands in the case 
of chlorophyll b are rather close, about 2 m^ 
aj>art. What was the slit width in millimeters? 

Dr, Albers: We liave not measured the slit 
width. The images of the mercury lines on the 
plates, however, are narrow compared to the 
widths of the bands. 

Dr, Zscheile: What chemical changes were 
observed after the whole exposure? 

Dr, Albers : So far, we have not made much 
of a study of the chemical changes in the chloro- 
phylls during photodeoomposition, as the concen- 
trations of the solutions used is too low. After 
the reaction the solution is completely decolorized. 
Some previous workers have found a positive 
aldehyde reaction when analyzing the residue af- 
ter photodecomposition of the chlorophylls, but 
there is disagreement between these observers on 
which aldehyde is formed. This observ^ation 
could lx; tested by means of studies on solutions 
of higher concentration. On evaporating a solu- 
tion of chlorophyll, after photodecomposition, an 
oily yellow residue is left. 

Dr, Zscheile: It would be interesting to know 
which part of the molecule is attacked (in the 
first few minutes of exposure) by light of differ- 
ent wavelengths. 

Dr, Albers: The series of derivatives studied 
were selected with the idea of showing whether 
the presence or absence of the phytyl group or of 
the Mg played any role in the way in which pho- 
todecomposition proceeds. The evidence is that 
they do not. We have not made any studies on 
the effect of different wavelengths. 

Dr, Rothemund: In the cases of chlorophyll 
c and of pheophytin a, the decolorized solutions 
were evaporated and the oily residues tested with 
Ehrlich's reagent (p-dimethylamino benaalde- 
hyde). In both cases the tests were negative. The 
form, in which the magnesium is present after 
photodecomposition, has not been established. 
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lOr. Bmifsm ; Wotdd fcm elaborate a little on 
dte patpOBt nr significance of such a detailed 
study of the fluorescence changes accompanying 
the photodecomposition of chlorophyll and its 
detiiratives? 

Dr, Albers: The purpose of this study is to 
learn something more about the properties of the 
chlorophylls. 

Dr, Inman: As to Dr. Emerson's question 
concerning the significance of such studies, I 
would like to point out that we know that chloro* 
phylls are integral parts of the photosynthesis 
mechanism and that they are at least light absorb- 
ing molecules. Therefore, any reaction of these 
molecules to radiation may be relevant to an un- 
derstanding of what goes on in the normal pro- 
cess of carbon assimilation. This is likewise true 
for the chefnistry of extracted chlorophylls. 

Dr, Emerson: You believe that chlorophyll, 
in carrying on its normal function in the cell, un- 
dergoes photodecomposition about which some- 
thing might be learned through a study of fluor- 
escence of the photodecomposition products out- 
side the cell? 

Dr, Albers: I do not know whether chloro- 
phyll decomposes photochemically in the cell in 
the process of carrying on its nontial function or 
not, but I believe that a knowledge of the proi>er- 
ties of chlorophyll, determined with the pure sub- 
stance, might be of value in detennining what the 
normal function of the chlorophyll is in the cell. 

Dr, Inman: I do not necessarily believe that 
there is photodecomposition of chlorophyll in the 
living leaf. Tlie fact is, there is insufficient evi- 
dence to draw definite conclusions conceming this 
phase of the medianism. The studies of fluores- 
cence and photodecomposition represent another 
approach to a possible explanation of the Ijehavior 
of the chlorophylls to radiation and may thus con- 
tribute something to the explanation of photo- 
synthesis. 

Dr, Brackett : I can hardly conceive of a more 
pertinent approach to the problem of photosyn- 


thesis than the investigation of fluorescence. What 
history we have of the mechanism of the trans- 
fers of energy from one molecule to another has 
hinged very largely on the study of fluorescence. 
Whether fluorescence is actually present under 
growing conditions in plants is relatively unim- 
ix)rtant. In a study of the general process, un- 
doubtedly if various molecular forms which may 
occur in the steps involved in photos} nthesis are 
investigated through their fluorescence, one may 
find some clue to the steps that take place. This 
is most likely to be found in various tyi>es of 
molecules related to chlorophyll, such as have 
been discussed. 

Dr, Emerson : Is there in your opinion a rela- 
tionship between carbon dioxide assimilation 
which is known to take place only in intact cells, 
and photodecomposition of chlorophyll, which so 
far as I know has not yet been shown to take 
place in normal cells, but is characteristic of cells 
undergoing irreversible injuries, or of chlorophyll 
extracts ? 

Dr. Albers: I do not know. 

Dr, Mestre : I think that you can sav , with a 
certain amount of safety, that during photosyn- 
thesis no photodeconiposition of the chlorophyll 
involving chemical changes of anything like the 
magnitude considered in this paper are taking 
place. Photospectrograms of the same leaf, be- 
fore and after, an extended period of photosyn- 
thesis show no change. 

Dr, Brackett: One further point in that con- 
nection, in the mechanism postulated by Franck 
two different molecules produce light absorption 
— ^“monodehydrochlorophyir' ; and secondly, “hv- 
droxy chlorophyll.” They might conceivably have 
different types of fluorescence. It becomes an ex- 
tremely interesting question whether these exhibit 
differences in fluorescence and whether these 
forms exhibit differences when associated or un- 
associated with carbon dioxide or formic acid. It 
thus becomes extremely interesting if one can ar- 
rive at significant differences. 
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Introduction 

It is a well known fact that chlorophyll solu- 
tions are rapidly bleached under the action of 
light. This was first investigated by Senebier in 
1782 . It has been thought by many investigators 
that the decolorization is a result of oxidation 
and that it takes place only in the presence of 
oxygen. Wurmser^ concludes that the bleaching 
of chlorophyll by light is an oxidation process. 

Usher and Priestly^ state that chlorophyll films, 
when exposed to sunlight, decomposed CO2, pro- 
ducing formaldehyde and hydrogen peroxide. 
They conclude that the hydrogen peroxide is re- 
sponsible for the bleaching of the chlorophyll in 
sunlight. This bleaching in sunlight, whether 
CO2 is present or not, is due to the formation of 
hydrogen peroxide. Ewart®, however, showed 
that chlorophyll films immersed in a hydrogen 
peroxide solution remained green for a long time 
when kept in darkness. These same films, if ex- 
posed to light, bleached very little faster than 
similar films exposed to ordinary air. 

Wager^ showed that bleaching takes place only 
in the presence of oxygen. He also observed that 
the rate of bleaching was the same whether CO2 
was present or not. Some question can be raised 
as to the purity of the chlorophyll used by Wager, 
as his method of extraction would probably yield 
the yellow pigments and other substances from 
the plant as well as the chlorophyll. 

Warner® observed that chlorophyll bleached 
only in the presence of O2, and that the bleaching 
took place more rapidly in the presence of water. 
He considers it proliable that the bleaching is 
due to the hydrogen peroxide, which is formed in 
the presence of light, since bleaching was ob- 
served in the dark in the presence of h>drogen 
peroxide. 

Ewart* observed that when dry chlorophyll 
films were exposed to sunlight in nearly dry air, 
with and without carbon dioxide, the presence of 
a small amount of CO2 seemed to accelerate the 
bleaching. He observed no bleaching with dry 
chlorophyll films in pure dry nitrogen, even in 
eight weeks of exposure to light. A slight bleach- 
itig was observed when dry CO2 was used He 
also obtained evidence that chlorophyll was able 
to combine slowly with CO2 during its oxidation. 
He exposed thick films of chlorophyll to sunlight 
in air, containing a little moisture and CO2 until 
completely bleached, which required four weeks 
time. When 0.8 gni. of chlorophyll was allowed 
to bleach for a month there remained, after ex- 
posure, 0.785 gm. by weight. A similar quantity 


in pure air lost 6 S% by weight, and was bleadied 
very much slower. Ewart concludes that COs 
combines with chlorophyll and forms xanthophyll 
and a colorless waxy substance; this can tnfct 
place only in the presence of water and is accel- 
erated by sunlight 

Padoa and Vita* have investigated the effect 
uixin the absorption spectra of chlorophyll a and 
b, and the mixture chlorophyll a -f- 6 in solution 
in benzene, when treated with O2, CO2, CO, and 
N2. The treatment with the different gases, 
which extended over a period of several hours, 
u^as carried on in darkness, so that very little 
photodecomposition occurred before the absorp- 
tion spectrum was obtained. Spectrograms of the 
absorption and microphotometer tracings 
obtained of the chlorophylls a and b and the 
mixture a -j- b, when treated with the different 
gases. They observed changes in the positions of 
the bands, some of the bands disappearing com- 
pletely. Variation in the relative intensities of the 
bands was also observed. The absorption spec- 
trum of a solution of chlorophyll a -f which 
had been treated with CO and then treated with 
O2 for a long period of time, showed the same 
absorption spectrum as that treated with O2 alone. 
They conclude that this is evidence that CO- 
chlonophyll compound is a reversible one; that 
unstable compounds are formed with both of th? 
chlorophylls by On, CO2, CO and that N2 doas 
not combine with chlorophyll. 

The investigations of Albers, Knorr and Rothe- 
nmiKp, of the fluorescence of reduced chlorophyll 
m solution in pyridine under CO2 and N2, to be 
reported by Dr. Rothemund in this volume, 
showed the importance of a study of the fluores- 
cense and photodecomposition of the chloro- 
ph)!! solulions under atmospheres other than air. 

Experimental 

The experimental arrangement used to study 
the fluorescence and photodecomposition of the 
various chlorophyll solutions under atmospheres 
of gases other than air, was the same as that 
described by Albers and Knorr in the preceding 
paper, except as modified in order to place the 
solutions under atmosiiheres of the various gases. 

With the apparatus repi*esented in Fig. 1 , it 
was possible to repeatedly flush the fluorescence 
tube, with the particular gas to be used, by suc- 
cessive evacuation and refilling. The gas was 
bubbled through the freshly prepared solution for 
twenty minutes. The solution was forced into 
the fluorescence tube and placed under a pressure 
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of the gas, which was slightly above atmospheric 
pressure. 

Data and Results 

This investigation included a study of the 
fluorescence spectrum and the photodecomposition 
of chlorophyll a and the following derivatives, 
methyl chlorophylUde a, pheophytin a, methyl 
pheophorbide a, and pheophorbide a, in solution 
in acetone, and under atmospheres of Og, COg, 
and Ng, respectively. Chlorophyll b and its cor- 
responding derivatives were studied under the 
same conditions. 

The densitometer curves, represented in Figs. 
2 to 11 inclusive, were obtained in the same man- 
ner as those described by Albers and Knorr in 



FIGURE 2. Densitometer curves of the fluorescence spectra of 

DensItomeUHF' ourvaa of the fluorescence spectra of methyl chlorophylUde a In acetone under Ojj, 
chloro^yll a In acetone under COj|., and COj,, and N«. 
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the preceding paper. In each case a few repre- 
sentative curves have been selected to show the 
variation of the fluorescence spectrum as decom- 
position and decolonzation proceed, m the pies- 
ence of ladiation. 

The wavelengths of the principal bands ob- 
served during the first exposure, for those sub- 
stances studied, are represented in tabular form 
in Fig. 12. 

Discussion of Results 

One observes that, in general, the patteins of 
tilt spectra, during the first exposure, are the 


same for all the substances under the diffeienl 
ga^s. Each spectrum consists of two or three 
principal bands in the red region, the separation 
of the bands varying with the different deriva- 
tives. The fact that the fluorescence is not es- 
sentially different when the magnesium is re- 
moved, would indicate that the role played by this 
atom is a minor one in this fluorescence. The 
same reasoning would apply to the phytyl group. 
One observes that there is very little variation 
in the position of the shorter wavelength compon- 
ent of this band system for the various sub- 
stances belonging to the "'a series*', under the 
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FIGURE 4. 

Densitometer curves of the fluorescence spectra of 
pheophytin a in acetone under CO^. and 




FIGURE 5. 

Densitometer curves of the fluorescence spectra of 
methyl pheophorbide a in acetone under 
CO^, and Ny 
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gssesi The position of the longer wave* 
ier^fth component is quite different for the vari* 
Otts substances. The separation of the two bands 
is hast for cWorophyll o and greatest for methyl 
piKophorbide a and pheophorbide a. The fact 
that positions of the bands during the first ex- 
posure are altered by the different gases, would 
indicate that a more or less intimate combination 
exists between the substance and the different 
gases. It seems reasonable to assume that no 
such relationship would exist in the case of N2. 
There is a difference between the positions of the 
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longer wavelength component under nitrogen and 
oxygen in all cases except that of chlorophyll a, 
where the positions of both of the bands are the 
same under the two gases. The greatest shift in 
the positions of the l)ands is observed for methyl 
pheophorbide a under O2 and methyl chloro- 
phyllide a under O5. 

The relative intensities of the two bands are 
different for the different substances and also for 
the same substance under different atmospheres. 
The relative intensities for the two bands of 
chlorophyll a are nearly the same for all three of 
the gases. There is a great difference in the 
actual intensities as well as the relative intensities 
of the bands of pheophytin a and pheophorbide a 
under O2 and CO2. The low inten«!ity of the 
bands of methyl pheophorbide a under ail the 
gases is very striking. 

The patterns of the spectra observed during 
the first exposure for those substances belonging 
to the series'' are very similar to those ol> 
served for the “a series", consisting of two or 
three principal maxima in the red region of the 
spectrum. In the case of chlorophyll b only one 



Deuaitometer curves of the fluorescence spectra of FIGURE 7. 

pheopherbide a in acetone under CO^* aafl Densitometer curves of the fluorescence spectra of 
Ng. chlorophyll b In acetone under CO^, and 
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maximum is observable. The separation of the 
maxima for pheophytin b and methyl chloro- 
phyllide b is less than the separation for the cor- 
res^nding substances in the a series. The 
positions and the separation of the bands for the 
methyl pheophorbide b differ but little from those 
of methyl pheophorbide a under the different 
gases. The position of the longer wavelength 
band under Ng and O 2 is different in all cases, 
except that of methyl chlorophyllide b, where the 
positions of both bands under O 2 and Na are the 
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FIGURE & 

Densitometer curves of the fluorescence spectra of 
methyl chlorophyllide b in acetone under 
COjt and N^. 


same. The greatest diifercnce in the 
intensities of tht two bands occurs in Uie^yi 
pheophorbide b and pheophorbide b under etl 
three of the gases. The actual intensity of the 
principal band of chlorophyll b is very nearly ^ 
same under each of the gases. The relative in* 
tensities of the bands of methyl chlorophyllide b 
are practically the same under all three of the 
gases. The importance of the relative intensities 
of the various bands, which appear during the 
photodecomi^sition process, must not be over- 
looked. This is quite evident in the case of the 
bands with maxima at 587 and 585 nifi. These 
bands are observed for chlorophyll b under CO 3 
and Oa, pheophytin h under CO 2 and Oa, pheo- 
phorbide b under O 2 . The actual intensity of the 
bands for chlorophyll b under CO 2 is much great- 
er than for any of the other substances. 





FIGURE 0. 

Densitometer curves of tbe fluorescence spectrm of 
pbeqpliytm b In acetone under CO^ and 
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Tlte jGKiorcsccnce apcctra of methyl pheophor- 
a under the different gases are more com- 
plex than those observed for the other substances. 
JEtoth pheophorbide o and b and methyl pheophor- 
bide u and b show more separate maxima during 
the first exposure than do the other substances; 
in this respect their fluorescence spectra are simi- 
lar to those observed by Dhere® for some of the 
porphyrins in this same region of the spectrum. 

The well known inhibiting influence of oxygen 
upon photochemical reactions can be inferred 
from the behavior of the various substances un- 


der an oxygen atmosphere during the photode- 
composition process. The time required to de- 
compose the solutions of the different substances 
under the oxygen atmosphere was much longer 
than the time required for the same substance 
under a nitrogen atmosphere. Chlorophyll b is 
the only exception, and here the times were the 
same. 

The statement of Kautsky® that oxygen in the 
solutions of chlorophyll destroys the fluorescence 
is not verified by these expenments. The inten- 
sity of the fluorescence is quite high during the 
first exposure for all the substances except methyl 



FIGtJRE 10. 

Densitometer curves of the fluorescence spectra 
of methyl pheophorbide b in acetone under 
CO^ and 


FIGURE 11. 

Densitometer curves of the fluorescence spectra of 
pheophorbide b in acetone under and 
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Table I. 


“A Senes” 




Methyl 


Methyl 



Chlorophyll 

Chlorophyllide 

Phec^ytln 

Phec^orbide 

Ptaeophorbida 





697 





685 


684 


679 

678 




0 , 

647 

652 

646 

652 

647 





637 


C 02 

677 

685 

683 

689 

683 




650 

652 



646 

649 


636 

649 


679 

683 

687 

692 

688 

Na 

648 

650 

649 

651 

646 





637 



Table II. 

“B Senes,” 



Methyl 

Methyl 



Chlorophyll 

Chlorophyllide Pbeophytio 

Pheophorbide 

Pheophorbide 




695 




679 


676 

O 2 


668 





655 




646 

646 


642 




692 






681 

CO 2 


676 


673 



667 


664 



654 

657 

652 


649 

643 






693 

690 

N, 


679 


677 



665 


669 


651 

656 

656 




646 

648 

643 


BIGURB 12 


Wavelengths in inllliinicr(»» of the principal bands observed during the first exposure. 
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ttewical ttadiotts which ocrar during the dc- 
tomposition process. Likewise they must play 
an important role in determining the direction in 
which a imrticular reaction will proceed. This 
effect is very noticeable in the behavior of chloro- 
phyll b under COai whose spectrum presents by 
far the most spectacular appearance of any of 
the spectra studied in this investigation. The 
bsmds with maxima located at 587 and 585 m/A 
appear after the first fifteen minutes exposure, 
they continue to increase in intensity as the ex- 
posure continues, reaching a maximum of inten- 
sity after one hour and thirty minutes, and then 
decrease and vanish after two hours and fifteen 
minutes of exposure. A similar phenomenon is 
observed in the case of chlorophyll a under oxy- 
gen, where a new band appears in the region ol 
596 mft after two hours of exposure. 

It is obvious from the foregoing data, that the 
chlorophylls and the derivatives studied in this 
investigation in acetone solutions, do decompose 
in the presence of O 2 , CO 2 , and N 2 , when ex- 
posed to the radiation of a mercury arc. 

It is quite evident from the data presented in 
this and the preceding paper that the need for 
more accurate wavelength determinations and 
some quantitative measurements oi the intensities 
of the bands is exceedingly great. The effect of 
the solvents, that do not contain oxygen, is now 
being investigated and we hope thereby to obtain 
more in formation concerning the bleaching of 
chlorophyll under the action of light. 

St'MMARY 

1. The patterns of the spectra, for those sub- 
stances studied under the conditions of this 
investigation, are very similar. 

2. The fluorescence spectra of the chlorophylls 
and their derivatives in acetone solution and un- 
der atmospheres of O 2 , CO 2 , and N 2 , possess a 
complex structure. 

3. The fluorescence vanishes as the solutions are 
bleached. 

4. The chlorophylls and the derivatives studied 
do decompose, when in pcetone solutions and 
under atmospheres of O 2 , CO 2 , and Na, under 
the action of light. 

5. The relative intensities of the individual 
l)ands change considerably during photodecom- 
position, but the positions t)f the bands do not 
shift 

6. The times required for photodecomposition 
vary many fold for the different substances when 
under the various atmospheres. 
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Discussion 

Dr, N^yes: While the interesting data of 
Knorr and Albers indicate essential differences 
m the fluorescent behaviors of chlorophyll a and 
b and their derivatives, it seems difficult to draw 
quantitative conclusions from these experiments, 
in the first place, acetone itself is far from an 
inert substance. A sensitized polymerization or 
oxidation of acetone is not beyond the range of 
possiibility, thereby producing substances which 
would quench the fluorescence or react with some 
of the compounds studied. It is difficult, unam- 
biguously, to ascribe the change in fluorescence, 
therefore, either to a change m the starting mole- 
cules or to a primary reaction between them and 
any of the gases investigated. 

Studies of this type to be quantitative should 
involve a change in the partial pressure of the 
various gases, and a measurement of the varia- 
tion of fluorescent intensity with incident intens- 
ity and temperature. Aliove all an inert solvent, 
preferably one that is completely saturated, would 
be advisable. Only then could one be sure that 
the strengthening of one band relative to an- 
other is due to some essential change in the mole- 
cule of chlorophyll or its derivative. The con- 
clusion is inescapable that these molecules do dis- 
appear during irradiation, but the mechanism is 
far from clear and is undoubtedly complex. If 
the fluorescence is really a measure of the con- 
centration of the original molecules, it should be 
possible to arrive at a quantitative (although per- 
haps empirical) expression for the rate of re- 
action by such studies. 

The fact that pheophorbide a and b fluoresce 
for longer under O 2 than under CO 2 or N 2 may 
indicate some sort of a pliotochemical reduction 
(perhaps involving acetone) which is inhibited 
by oxygen. This point should be tested further. 

Dr, Knorr: The discussion by Noyes is 
very appropriate. Experiments using oxygen 
free solvents are now in progress. It is planned 
to carry on these same investigations at low 
temperatures and reduced partial pressures; in 
this continuation of our work we hope to follow 
up the quantitative side of the problem. 

Dr, Burk : Have you any opinion at all wheth- 
er any CO 2 compound forms, or whether CO 2 
acts indirectly, perhaps in any of a number of 
possible ways? 
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Dr. Knorr: In the case of chlorophyll b under 
CO2, where the beliavior is quite different, I 
think there was an intimate combination. Whether 
or not it combines in a stoichiometric ratio, I am 
unable to say. In the case of chlorophyll c no 
such evidence has been found as yet. 

Dr. Burk: Is there any reason, however, for 
supposing that chlorophyll b might form a com- 
pound with COa more readily than chlorophyll a ? 

Dr. Knorr: 1 have no reason for supposing 
this. I am simply basing my opinion on the 
spectra during the decomposition under CO2. 

Dr, Burk: Would there, then, not be quite a 
number of other possibilities for the indirect in- 
fluence of CO2? 

Dr. Knorr: Yes. Since the number of pos- 
sible indirect influences is large, it will be diffi- 
cult to differentiate between them. Further 
studies with different solvents might throw some 
light on that subject. 

Dr. Emerson: How do you account for the 
observations quoted from other workers who 
found that photodecomposition of chlorophyll re- 
quires gaseous oxygen? Your results evidently 
are not in agreement with this. 

Dr. Knorr : Our experiments with solutions 
are not in agreement with those on dry film made 
by others. 

Dr. Emerson: It seems to me you go a little 
beyond the evidence when you say that the longer 
duration of fluorescence in oxygen is due to in- 
hibition of photochemical actions by oxygen. 
Your measurements show disappearance of fluor- 
escence, but it is not clear from what you have 
said, that cessation of fluorescence is necessarily 
coincident with cessation of photochemical activ- 
ity. Considering the lack of information concern- 
ing the chemical changes taking place during 
bleaching, I doubt if the duration of fluorescence 
gives any indication of either the extent, or the 
duration, of photochemical action. 

Dr. Knorr : There can be no question of the 
fact that since the solutions are decolorized under 
the action of light there must have been one 
or more photocfcmical reactions during the pro- 
cess. We observed that under the O2 atmosphere 
the time required for decolorization was much 
longer than when N2 was used, and as stated in 
the text, when the fluorescence ceased the solu- 
tions were colorless. These observations are in 
agreement with the fact that oxygen is an inhibi- 
tor of these photochemical reactions. One can say 
with certainty that the rate of decolorization was 
retarded by the O2 atmosphere. 

Dr. Brackett : Am 1 correct in assuming that 
you are dealing with a closed system — no oxygen 
supplied ? 


Dr. Knorr : The system was closed 
entire exposure. 

Dr. Brackett: Would you notice pressure 
change in the system? 

Dr. Knorr: Not with our present set-up. 

Dr. Brackett: That raises the question — fre- 
quently reactions take place in the presence of ul- 
traviolet radiation or with visible radiation to- 
gether with a sensitizer, in which tlie solvent 
takes up oxygen due to a photochemical reaction, 
and consequent the system is being purged of 
free oxygen. This would account for the grad- 
ual rise of fluorescence in the case where an oxy- 
gen atmosphere was used. 

Dr. Knorr: That is possible. 

Dr. Rollefson: From the evidence in these 
experiments there are at least two reactions in- 
volved. First, one causing the change in charac- 
ter of the fluorescence ; second, the reaction caus- 
ing a decrease in the intensiity of the fluorescence. 
It looks as if it might fit a first order law. Have 
you ever tried to fit a rate law to the decrease in 
fluorescence ? 

Dr. Knorr : No. 

Dr. Mestre: Such calculations are not yet 
possible as these data are not quantitative as to 
intensity of the fluorescence. 

Dr. Rollefson : All that is necessary is the de- 
termination of the characteristics of the plate. 

Dr. Mestre : Calculations might be made from 
the experimental data in this way, but they would 
not be very accurate as the y of the calibration 
plates might differ from those used and their 
wavelength characteristics might also not be the 
same. As mentioned in the discu.ssion of Al- 
bers’ paper, correction for the plate characteris- 
tic may change the form of those curves very 
much. I would not be surprised if some longer 
wavelength fluorescence bands would fail to come 
out if this correction was made, as the plate sen- 
sitivity is falling off very rapidly in this region. 

Dr. Knorr: This is particularly true in the 
case of the pheophorbides where the band is much 
farther toward longer wavelength limit of sensi- 
tivity of the plate. The important thing is that 
the apparent form of the band changes from one 
exposure to the next. 

Dr. Rothemund: I would like to say a few 
words in regard to Rollefson’s question about 
the order of the reaction. Ph3^ol was never 
found among the decomposition products. We 
would have liked to determine first the amount of 
phytol in the reaction mixture, as this determina- 
tion would have offered a possibility of determin- 
ing the order of the disintegration reaction. 

One evidence for the photo-oxidative character 
of the reaction is the fact that the oily residue 
after the evaporation of the solvent exhibits nega- 
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live ESirlich m^ddm; when the residue is heated 
to 124® centigrade in vacuo, a sublimate of white 
^ystals is o&ained. These crystals suggest a 
maleic acid derivative and are now under investi- 
gation. 

Dr. Mestrei I noticed that in the slide in 
which you showed the spectrograms of chloro- 
phyll b, the intensity of the mercury lines was 
increasing steadily from first to last exposure. 
Was this due to changes in the intensity of the 
arc? 

Dr. Knorr: It was due to progressive change 
in the abscnrption of the solution. The arcs were 
operated for some time before the exposure was 
made and had suflficient time to come to equilib- 
rium. 

Dr. Mestre : Do not the densitometer tracings 
include some of the mercury lines, thus compli- 
cating the determination of the position and 
structure of the shorter wavelength fluorescence 
bands considerably? 

Dr, Knorr: Yes, the yellow and green lines 
are included. Obviously these are complicating 
factors, particularly in the bands located at 58S 
and 587 itiai, because these are aflfected by the un- 
modified scattering in the lines. Nothing was 
done to correct tliat. It makes the reading of 
the positions questionable. 

Dr, Brackett : Have you ever observed a case 
in which the fluorescent material forms a floccu- 
lent precipitate with the material thus going out 


of solution? One would then observe a sudden 
burst of the unmodified lines and disappearance 
of the general absorption. I have had that experi- 
ence working with sensitisers on photographic 
plates. 

Dr, Knorr: I think we had one example: re- 
duced chlorophyll in pyridine under CO 2 . 

Dr, Emerson: You attach special importance 
to the unusual behavior of the fluorescence bands 
of chlorophyll b in carbon dioxide. If this has 
any relationship to a possible chlorophyll-carbon 
dioxide compound in photosynthesis, one might 
reasonably expect such behaviour to show up at 
carbon dioxide concentrations much lower than 
one atmosphere. 

Dr, Knorr : The same bands located at 585 
and 587 mfi were also observed when the chloro- 
phyll b solutions were in the presence of air, but 
the intensities of these bands were much weaker 
than when an atmosphere of CO 2 was used. 
Apparently the concentration of CO 2 only af- 
fected the intensities of the bands. 

Dr, French: Did you take all oxygen out of 
the nitrogen and carbon dioxide ? 

Dr. Knorr: The oxygen was removed from 
the nitrogen by bubbling it through a fresh alka- 
line-pyrogallol solution. Luminescent bacteria did 
not luminesce in this nitrogen. The CO 2 from a 
Kipp generator was bubbled through sodium car- 
bonate solution. The oxygen was bubbled through 
KOH solution. 
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TOWARD A MORE QUANTITATIVE PHOTOCHEMICAL STUDY OP THE PLANT 

CELL’S PHOTOSYNTHETIC SYSTEM 

F. Paul Zscheile, Jr. 


When the various techniques employed in the 
study of photosynthesis as a physiological prob- 
lem are surveyed, the scanty consideration of the 
exact measurement of the quantity and spectral 
quality of radiation employed is immediately ap- 
parent. This is also true when the photochemical 
and optical properties of the pigments of the 
green leaf are considered. On the other hand, 
much well-warranted effort has been expended 
on problems that involve molecular structure of 
the leaf pigments and upon rate measurements of 
certain physical and chemical steps of the general 
photosynthetic reaction. The steps most accurate- 
ly studied have been those involving as principal 
factors, processes such as diffusion and enzymatic 
“dark reactions**, which also occur in other sys- 
tems more readily adapted to quantitative control. 
Since the more purely photochemical steps of 
photosynthesis, if not the most important, are 
surely the reactions unique to photosynthesis, it 
seems that these processes deserve considerably 
more quantitative attention. 

Pigment analyses of plant tissues have hereto- 
fore been too inclusive and the various compon- 
ents, or individual chemical substances compos- 
ing the pigment groups, as the chlorophylls and 
carotenes, for instance, have been analyzed 
usually as groups. The methods used have been 
such that appreciable variations in component 
ratios would cause serious error in the total pig- 
ment content, while the variations themselves 
would not even be detected, much less measured. 
The problem of pigment differentiation in analy- 
sis of plant tissues may be most satisfactorily 
solved by the spectro-photoelectric analytical 
method. Instead of analyzing for total chloro- 
phyll or total carotenoid content, solutions may 
now be analyzed for the separate components of 
these pigment groups. This may be done in a 
strictly objective manner, more quickly and more 
accurately than with the chemical, colorimetric, 
and photographic methods in use at the present 
time. When the optical properties of the various 
individual pigment compounds have been studied 
further, the effect of environmental conditions 
upon their ratios may be accurately measured and 
^uch determinations will probably result in a 
more exact knowledge of their individual func- 
tions in the cell’s metabolism. 

Discussion of a spectro-photoelectric technique 

Various features of an apparatus designed pri- 
marily for the accurate measurement of low in- 
tensities of radiation confined to narrow spectral 


regions will now be discussed. It is hoped ffiat 
this technique will be useful in the solution of 
photosynth^is problems in which a very accurate 
measurement of the quantity of radiant energy 
employed and an exact knowledge of its spectral 
quality are necessary. Its biological applications 
will be discussed later. 

The apparatus^was designed for quantitative 
ineasurement of absorption spectra of substances 
in solution. The average working intensities of 
light used for this purpose are of the order of 
10*® lumens, considerably lower than those usually 
used in absorption spectra measurements as a 
part of photosynthetic studies. This is equiva- 
lent to the luminous flux per square cm. from a 
candle 100 meters distant. This is accomplished 
by ami)lification of the small photoelectric current 
of the order of 10’^® amps. A specially-made 
caesium-caesium oxide photoelectric cell, with a 
plane quartz window, is sensitive throughout the 
entire ultraviolet and visible regions and in the 
near infrared. Its sen^^itivity at 90 volts is about 
4.4 X amps, per lumen per cm^. It is cal- 
culated tliat the system could detect a candle at a 
distance of about one mile. 

A modified DuBridge and Brown circuit^* ^ 
with an FP— 54 Pliotron tube, is sufficiently 
stable to permit the measurement of light inten- 
sities at 10 second intervals with a precision of 
1 part per 1000 and the determination of absorp- 
tion coefficients at 30 second intervals with an 
instrumental error of only ±0.3%. A stable 
voltage sensitivity of 175,000 mm. per volt and 
a current sensitivity of 1.25 x 10^® amps, per 
mm. at 10 meters scale-to-telescope distance arc 
the usual sensitivities. The galvanometer period 
may be decreased to 7 seconds by critical adjust- 
ment of the circuit, A 4.5 x 10^® ohms resistance 
connects the iuht grid to the ground. 

A narrow sj)ectral region is isolated from a 
continuous spectrum by a Zeiss Fixed Arm 
Spectroscope (with deviation of 90°) used as a 
monochromator. This instrument, designed for 
the study of weak radiation, such as fluorescence, 
is especially adapted to this problem. Its lenses 
have an aperture ratio of F/5. The effective 
aperture ratio of the entire instrument is F/6,4, 
referred to A4861 A. The amount of scattered 
radiation is negligible. This is shown by exper- 

• Constructed at the University of Chicago, with 
the aid of a grant from the KookefeUer Foundation. 

(1) DuBridge, L. A. and Brown, H., Rev. Seientiffc 
InSm., 4, 582, 1883. 
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itimU with a mercury arc. When the 4047A. 
line was in sharp focus, with .01 mm. slits, a 
maximum galvanometer deflection of 85 cm. was 
obtained. The wavelength drum was rotated 3 A. 
and the deflection was certainly less than 0.5 
mm., for it could not be detected. In the same 
way, with .01 mm. slits, deflections of 85 cm. 
decreased to 0.0 cm. when the wavelength drum 
was moved 4 A. away from the 4358 A reading 
and 45 cm. deflections decreased to 0.0 cm. when 
the drum was moved 5 A. from the 5790 A. 
reading. At A4358 A. the scattered radiation is 
less than 0.1% of the total. 

This monochromator, combined with the above- 
described intensity-measuring system and suitable 
cell carriages, lenses and light sources, constitu- 
tes a spectro-photoelectric apparatus of high ac- 
curacy and precision and wide adaptability. 

A suitable light source for absorption spectra 
work in the visible and near infrared regions is 
an automobile headlight bulb, oi:ierated on liat- 
teries. A hydrogen arc is used as a source of 
steady continuous ultraviolet radiation. 

Very important items in this type of spectro- 
scopic work are a comprehensive calibration of 
the entire apparatus and a complete knowledge of 
errors and limitations. These have been neg- 
lected too often in the literature and this fact has 
made the results of man) pieces of research so 
incomparable with each other that one does not 
serve to check the other but merely adds con- 
fusion to another senes of inaccurate observa- 
tions For adequate comparison between spectra 
measured by photoelectric methods, it is impera- 
tive that the spectral region isolated be accurately 
stated. This region must often be exactly the 
same in the two cases liefore differences of meas- 
uriiig systems may be dismissed and other more 


interacting problems of chemical purity, source, 
constitution, etc., of the samples under examina- 
tion can be considered. This last point, con- 
cerning exact equality of isolated spectral regions, 
is more important when absorption maxima are 
sharp and narrow than in the cases of broad dif- 
fuse bands. 

To determine the spectral region isolated by 
the apparatus under discussion, several deter- 
minations and calculations are necessary, A 
steady mercury arc is convenient as a source of 
several well-isolated lines distributed in the 
visible and ultraviolet regions. Intensity meas- 
urements are made at small intervals as the image 
of the first slit of the monochromator is passed 
over the second slit by rotation of the prism. The 
maximum emission value is obtained by alternate 
adjustment of prism and collimator lens. In the 
Zeiss instrument, the lenses are achromatic. 
Nevertheless, a slight adjustment is necessary to 
correct for small residual chromatic errors. 
Curvature of the image of slit 1 on slit 2 is made 
negligible b> decreasing the height of slit I to 
2 mm. When the line is critically focused, A 
is plotted against intensity and a sharp, symmet- 
rical peak results. After a number of lines have 
been plotted thus, the wavelength calibration 
curve for the wavelength drum is easily drawn. 
The accuracy of the wavelength setting is :i: 1 
A. for blue and ± 3 A. for red light. The half- 
intensit) width of the curve for each line, ex- 
pressed in A., is then correlated with slit width 
as measured in mm. to obtain the dispers*ion, or 
slit width in terms of A. per mm. slit width. 
The dispersion may be most accurately deter- 
mined by photography of a line spectrum with 
the plate in the focal plane of slit 2. When 
a source of continuous light is then used, slit 
widths will vary with the wavelength, inten- 


Table I. Slit Data, Visible Region {50 c,p, Mazda lamp). 


A 

Dispersion 

A./mrn. 

Region 
Isolated 
A./mm. slit 

Practical Slit 
Widths for 
Absorption 
Spectra 

Calculated 

Regions 

Isolated 

Deflection 

4000 A. 

52 

156 

0.03 mm. 

4.7 A. 

50 cm. 

4150 

60 

180 

.02 

3.6 

55 

4300 

67 

201 

.015 

3.0 

50 

5000 

116 

346 

.004 

1.4 

100 

6000 

225 

675 

.002 

1.35 

100 

7000 

420 

1260 

.002 

2.5 

100 
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Table II. SUt D<^ 

UUrmieiet Region-Hydrogen Arc. Solvent CiH$0H 
(CeU Length 2 cm.) 

A 

Dispersion 

A./mm. 

Region 
Isolated 
A./mm. slit 

Practical SUt 
Widths for 
Absorption 
Spectra 

Calculated 

Regions 

Isolated 

Deflection 

2150 A. 

20 

60 

0.30 mm. 

18 A. 

12 cm. 

2300 

26 

78 

.20 

16 

60 

2400 

33 

99 

.15 

15 

75 

2450 

34 

102 

.10 

10.2 

50 

2550 

41 

123 

.07 

8.6 

45 

2750 

55 

165 

.07 

11.5 

69 

2900 

68 

204 

.06 

12.2 

66 

3400 

124 

372 

.04 

15 

76 

4000 

207 

621 

.04 

25 

66 


sity and emission characteristics of the source, 
sensitivity of the photoelectric cell, sensitivity of 
the amplifying system, efficiency of the accessory 
optical parts, and degree of precision desired. 
However, from the original calibration data, the 
slit width at any particular wavelength may be 
calculated easily in terms of A. From simple 
geometrical considerations, the spectral region 
isolated, expressing the wavelength limits of the 
radiation emitted from the second slit of the 
monochromator, is then three times the slit width, 
IS expressed in A. The greater part of the radia- 
tion is of the wavelengths of the central half of 
this isolated region and the fractional intensity 
rapidly decreases to zero as the limiting wave- 
lengths are approached. To demonstrate the per- 
formance of the instrument slits of .002 to .03 
mm. may be used throughout the region from 
4000 A. to 7000 A. and they isolate spectral 
regions varying from 2 to 4 A in width. 

Application to problems of photosynthesis 

Next I shall discuss the application of this ex- 
perimental equipment to problems of photosyn- 
thesis. Of all the leaf pigments, probably the 
carotenoids have been studied spectroscopically 
more accurately by more individual workers and 
under more varying conditions than have the 
chlorophylls or any other group. In the early 
stages of the development of this apparatus^®^ 
when the measuring system was less sensitive, the 

(2) Zacheile, F. P. Jr., Hogneae, T. R., and Young, 
T. F. J. Phya. Chem., S8, 1, 1984. 


spectra of chlorophylls a and b were determined 
in ether solution'*\ These spectra are given in 
Fig. 1. The method was sufficiently accurate 
at that time to demonstrate that components 
a and b had not previously been isolated com- 
pletely from each other and that, m this case, 
the spectro-photoelectnc method is far more sen- 
sitive for the detection of impurities than any 
method in use. Such a test method would be 
useful as an aid in the purification of any com- 
pound having continuous and characteristic ab- 
sorption in the spectral regions available for 
study. 

In ether, in which color differences between the 
chlorophyll components are most evident, the 
state of the pigment is far different from that in 
the green leaf. It would be of great assistance 
to have accurate measurements of the absorption 
spectra of the green and yellow plant pigments 
in all of the common solvents as a general back- 
ground for a similar study in such fats and oils 
as may lie associated with them in the living leaf. 
Even though chlorophyll absorbs light to some ex- 
tent at all wavelen^hs, all may not be utilized in 
photosynthesis. Before accurate and extensive 
experiments could be made on living material to 
investigate this point, quantitative absorption data 
must be available. Many of the experiments on 
quantum efficiencies and energy relations of 
photosynthesis are limited in their scope because 
of the fact that a line source of radiation was 
used. Such sources are excellent for certain cx- 

(3) Zscheile, F. Paul, Jr. Bot Qaz., 529, 1984. 
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periments but it is accidental if the wavelength of 
any particular line coincides with that of the 
absorption maximum of the pigment studied, 
Klters are very jioor for the isolation of lines. 
It would be a great advantage to be able to select 
any narrow region (of a few A.) from the 
spectrum of a continuous source. Keflection data 
would also be advantageous. 

The recent studies by Kautsky and co-work- 
ers^*^ on the fluorescence of leaves under differ- 
ent conditions, indicate strongly that the fluor- 
escent properties of chlorophyll are intimately 

* Reprinted from an article on chlorophyll, Botani- 
cal Qaaette, VoL XCV, No. 4, 529 (1934). 

(4) Kautsky, H., Hirsh, A., and Davidshofer, F. 
Ber., 95, 1762, 1932. 

Kautsky, H. and Hirsh, A. Biochem. Z., 274, 
423, 1934. 

Kautsky, H. and Spohn, H. Biochem. Z., 274, 
435, 1934. 


associated with the absorption of radiant energy 
and its conversion into chemical energy as one 
part of photosynthesis. If their exciting source 
had been visible light rather than ultraviolet, 
their experiments would have more physiologi- 
cal significance. This apparatus is well adapt- 
ed to fluorescence studies, particularly to the 
quantitative spectral analysis of fluorescence 
radiation from chlorophyll. This was shown by 
experiments^®^ with the earlier method of photo- 
electric current measurement. In ether solution, 
chlorophyll a has two fluorescence bands and 
chlorophyll b has three bands in the region 6300- 
82(X) A, as shown in Fig. II. The present appa- 
ratus would permit the use of much narrower 
slits and these bands would probably appear 
slmrper. Further experiments might show bands 
at lower wavelengths. 

(5) Zscheile, F. P. Jr. Protoplasma, 22, 513, 1935. 
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The method of quantitative anal} sis by the 
determination of absorption coefficients of mix- 
tures of pigments at specific wavelengths has been 
used successfully by Zscheile^®^ on mixtures of 
pure components a and h oi chlorophyll and by 
Miller on binary mixtures of alpha and beta 
carotene, beta carotene and lycopene, and lycopene 
and leaf xanthophyll. Miller also applied it 
to plant extracts containing two yellow pigments. 
It is necessary, of course, to determine very ac- 
curately the absorption coefficients of the pure 
substances involved at the wavelength employed. 
For highly accurate results, the solutions must 
obey Beer's law over the concentration range 
studied. If Beers law were not obeyed, the lines 
of Fig. Ill would not be straight. Mixtures of 
chlorophylls a and b in 90% acetone, made up by 
weight and dilution, were analyzed with an error 
of It 1.0% or less (in percentage composition), 
using the average of two wavelengths in the blue 
region where the absorption bands are rather 
steep. Known binary mixtures of alpha and beta 

* Reprinted from an article on the fluorescence of 
chlorophyll, Protoplasma, Vol. 22, No. 4, 513 (1935). 

(6) Zscheile, F. Paul, Jr. J. Phys. Chem., 33, 95, 

1934. 

(7) Miller, Elmer S. Plant Physiol., 0, 681, 1934. 

(8) Miller, Elmer S. J. Am. Chem. Soc., 57, 347, 

1935. 


carotene were analysed with an error oi diO.2% 
or less (in percentage composition), using tfee 
average of three wavelengths. 

When compared with visual and photographic 
absorption spectra measurements, and to chemicsd 
methods as analytical tools for the determination 
of the plant pigments, the advantages of the 
spectre photoelectric method are at once apparent 
It does not have the subjective errors of vistml 
colorimetric and some photographic methods, nor 
does it involve drastic chemical changes of tlic 
molecules whose content in the original material 
is the object of the analysis. These are serious 
objections to the methods now in use for chloro- 
phyll determination. All that is needed is a quan- 
titative extraction of the pigment from the leaf 
with suitable solvents. Perhaps a simple frac- 
tionation would Ije necessary in some cases in 
which other pigments might interfere. These are 
problems for further experimentation. This 
method also has the advantage of speed, in as 
much as observations requiring only a few 
minutes will give the data from which the pig- 
ment composition of the mixture may be calcu- 
lated. Undoubtedly the method can be extended 
to include three or more cimiponents, as this is 
mostly a matter of using more wavelengths so 
that at least one equation can be obtained for each 
component in the system. 

For best results with a 4 cm. absorption cell, 
the concentrations of chloroph}!! and carotene 
are about 1.5 and 0 5 mg./l , respectively. The 
volume of solution actually used in the measure- 
ment need be only about 20 cc. and therefore the 
total amounts needed are only 0 03 mg of chloro- 
phyll or 0.01 mg, of carotene. This makes it 
possible to study the pigment content of very 
small amounts of plant tissue. 

Any possible photochemical change is reduced 
to a minimum in the present form of the appara- 
tus, for the absorption cells are placed behind slit 
2 of tfie monixrhromator and the solution is thus 
exposed only to the very low intensity of the 
radiation actually used in the measurement (about 
ICH lumens) and not to the full intensity of the 
condensed beam of the total radiation of the 
source, as was the case in the earlier set-up^^^ 

Errors of incomplete extraction of the pig- 
ment from leaf material are inherent in any 
method in which an extraction is made. Dilution 
errors can be made very small by the use of cali- 
brated volumetric devices. To demonstrate that 
Beer's law is obeyed, it is advisable to make up 
a number of solutions of pigment mixtures at 
the proper total concentration for the wavelength 
employed. If the relative proportions vary over 
the entire composition range, say from 5 to 95% 
for each component of a two-component system, 
and the percentage composition is plotted against 
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the absorption coefficient, a, a straight hne<^^ is 
obtained when Beer’s law is obeyed in the con- 
centration range employed. In cases where puri- 
fication of one pure component is difficult, or if 
the wavelength employed must be on the steep 
portion of an absorption band, these a-composi- 
tion curves are useful for a more accurate deter- 
mination of a for the pure components. 

♦ Heprlnted from an article on chlorophyll Botani- 
cal Qaaette, Vol. XCV, No. 4, 529 (1934). 


An accurate knowledge of the entire absorp- 
tion spectra of the pigments is necessary to deter- 
mine where the absorption curves cross one an- 
other. The wavelength at which this occurs may 
be used to analyze unknown binary mixtures for 
total pigment. It is unsound to choose a wave- 
length for this purpose at random because of con- 
venience of light source, without careful consi- 
deration of the exact spectra of the components 
present in the system. Single lines from a line 
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source have been used by some workers for the 
determination of total chlorophyll in extracts. If 
comparison were made between the total chloro- 
phyll contents of a number of plants submitted 
to different environmental conditions, the assump- 
tion must be made that the ratio of the chloro- 
phyll components was constant for all of the 
plants and that it remained constant during the 
experiment This assumption is too wide for 
high accuracy. If only two components were 
present, only by chance would their curves cross 
at the wavelength of any particular line isolated 
from such a source. Such experiments leave the 
problem of distinction between the components 
unsolved and may not furnish accurate analyses 
of total pigment. 

In the use of this analytical method, accurate 
calibration, including determination of the spectral 
region isolated, becomes more important when 
the wavelengths anplo^ed are on steep portions 
of the absorption curves or when tlie maxima 
are very sharp. Jt is advantageous to use slits as 
narrow as possible at all times, fur the absorption 
maxima will then more nearly approximate theii 
tlicoietical sharpness. This may offer a wider 
range of wavelengths suitable for anal}tical pur- 
poses and will permit a wiser selection. How- 
ever, analytical systems in which whde slits are 
used may operate for some substances, i>articular- 
ly those having broad absorption bands, and give 
quite accurate analytical results, l)ut the absorp- 
tion curves may differ from those obtained with 
narrow slits. Fortunately the carotenes in an 
80% ethanol — ^20% ether mixture have compara* 
tively broad tends in the blue region of the spec- 
tmm and the differences in magnitude permit the 
use of a considerable number of wavelengths for 
purposes of accurate analysis. 

Although it has long been assumed that chlor- 
ophyll is the pigment directly involved in photo- 
synthesis, the parts played by its various compo- 
nents and by the yellow pigments remain un- 
known. Whether one component is ever present 
without at least small amounts of the others, and 
what their relative efficiencies are in photosyn- 
thesis, are questions awaiting answer. Miller’®^ 
analyzed leaf samples of four sugar cane hybrids 
and found that the total carotenoid contents of 
two were about two-thirds those of the other 
two. By visual observation, these low-carotenoid 
hybrids contained less than one-half as much 
chlorophyll as the others. It is pertinent to the 
present discussion that the lighter-colored h>- 
brids, with low chlorophyll content, were far 
more efficient in photosynthesis than the greener 
ones, as measured by yield of sugar per acre. 

Much work is being done on the kinetics of 
photosynthesis, in attempts to elaborate a theory 
of the steps involved, in accordance with the best 


experimental data available. Any sy$tem of kine- 
tics must take into account at least the oonc^ntm^ 
tion of total chlorophyll, unless it can be Shown 
that chlorophyll is not active. If the concentm- 
tion, not only of total chlorophyll but of its vari«* 
ous components and of the yellow pigments^ 
could be determined on leaves or cultures whose 
photosynthesis was being studied, probably fur- 
ther insight could be obtained into the kinetics of 
the process. 

Many biologically-occurring compounds, include 
ing the leaf pigments, are difficult to isolate in 
the pure state and, once prepared, it is difficult to 
prove that the preparation is identical with the 
naturally-occurring substance and has not under- 
gone change during its purification. This analy- 
tical method, used as a critical tool of purity de- 
termination, is offered as a partial solution to this 
problem (partial tecause it is thus far adaptable 
to extracts rather than living tissues). After two 
supposedly pure pigments teve Ixfeii isolated, their 
absorption spectra are determined in an inert 
solvent convenient for quantitative extraction 
from the plant tissue, and an analytical scheme is 
developed for certain wavelengths. Extracts in 
this solvent containing unknown proportions of 
the two pigments are then analyzed spectroscopic- 
ally, using the same wavelengths. If all of the 
wavelengths agree on the percentage compcisitiou 
of the extract, it is very good evidence ttet the 
pigments have undergone no change during the 
purification from the extract to the pure prepara- 
tions. for the absorption spectrum is perhaps the 
physical property of a pigment most sensitive to 
chemical change. Possible decomposition occurr- 
ing in the steps from the original tissue to the 
extract must te due to the solvent or to tlie phys- 
ical mixing of the tissue parts. Such changes 
must he avoided as much as possible by proper 
choice of solvent and extraction technique. 

Some evidence has lieen presented elsewhere^*^ 
that a chlorophyll component c exists and this 
type of spectro-photoelectric data so far present- 
ed confirms its existence (Table III). Consult 
(3) for details. A chlorophyll fraction contain- 
ing component a as an impurity gives evidence of 
a third component (not b), which changes after 
a long period to component b. Its possible isola- 
tion is a problem for the future. 

The specific roles of the separate components 
of chlorophyll have never been satisfactorily 
demonstrated, for we do not know why more 
than one component occurs. Are both active in 
photosynthesis and, if so, are they interchange- 
able in the photochemical steps or do th^^y react 
separately at different stages of a chain reaction ? 
What factors, environmental and genetic, influ- 
ence the component ratio ? Do any of the yellow 
pigments take part in photosynthesis directly or 



PtANT Cell's PiiatosvNTHEtic System 


115 


am they iBtcrf ere with its progress? Such ques- 
tions as these arise immediately when the primary 
light reaction of photosynthesis is considered. 

It is probable that the apparatus under discus- 
sion co^d be modified in such a way that in vivo 
erocriments coidd be made upon leaves and algal 
cultures with highly monochromatized light. The 
tissues used in such experiments, although small 
in quantity^ could be spectroscopically analyzed 
for the various pigments after the physiological 
experiment was complete. The sampling error 
would thus be eliminated or greatly reduced. 
Such cmeriments on living photosynthetic sys- 
tems, influenced in their design by accurate pho- 
tochemical knowledge of the pigments involved, 
would offer possibilities of a better understanding 
of the fundamental processes of photosynthesis. 

The spectro-photoelectric method described 
here is not presented as a final solution to prob- 
lems involved in photosynthesis but as a method 
well adapted to the further investigation of some 
of these problems. With this in view, the fore- 
going considerations of apparatus, methods, and 
analysis applied to photosynthesis is presented for 
your discussion. 

Discu.ssion 

Dr, McAlister: Have the photocell, the ampli- 
fying system, and the galvanometer been tested 
for linearity of re.^ponse ( either separately or to- 
gether), i.e., has It been shown exi)erimentally 
that the galvanometer deflection is directly pro- 
portional to intensity of radiation striking the 
photocell (for the usual range of deflections em- 
ployed) with an accuracy of 1 part per 1000’ 

Dr, Zschetle: For deflections of 100 cm. or 
less, the response of the amplifying system and 
galvanometer to an imi)ressed voltage is linear to 
1 part per 100 or better. The linearity of re- 
sponse to light of the entire system, including 
photoelectric cell, aniplif}ing system, and galvan- 
ometer was tested by means of black silk screens 
at several wavelengths in the visible and ultra- 
violet regions. The transmission values of the 
screens (measured with a thermopile) were 
checked within 1 % by the photoelectric apparatus. 
The method of mounting the screens in the light 
path was not sufficiently precise for greater ac- 
curacy. 

Dr, McAlister: Is there a “dark current” 
present in the photocell, and if so, is it a function 
of previous exposure of the cell to radiation ? 

Dr, Zscheile: In the cell we are using now, 
there is a small “dark current” of the order of 
amperes. This is balanced out by adjustment 
of the amplifying circuit The “dark resistance” 
of the cell is 10'® ohms, much higher than that of 
the ordimry type of cell. The “dark current” of 


tlie photoelectric cell may be eliminated by 
grounded guard rings on the inside and outside 
surfaces of the cell. The photoceirs response is 
not affected by previous radiation. This is shown 
by the immediate return of the galvanometer 
reading to zero at any point in the progress of 
measurements when the shutter is closed. 

Dr, French: By placing the photocell behind 
the second slit, does fluorescent light from the 
chlorophyll enter the photocell and does that cause 
any appreciable error? 

Dr, Zscheile : The photocell is about 10 inches 
from the absoq>tion cell, so that only a very small 
fraction of the fluorescent radiation would reach 
the light sensitive surface. This would not cause 
an appreciable error. 

Dr. Arnold: If in your method of analyzing 
for the components of chlorophyll, one were to 
use prominent emission lines in the red regions 
of the spectrum (lines from a neon discharge 
tube, for example) it should be possible for any- 
one to determine by means of a spectrophotome- 
ter the amounts of chlorophylls a, b, and c pres- 
ent in a given material without separating out the 
carotene and xanthophyll. 

Dr. Zscheile : Yes, such an analytical system 
seems feasible. Its development would depend 
upon the nature of the absorption curves in the 
red region in the particular solvent used in rela- 
tion to the spectral lines which could be isolated 
satisfactorily by a spectropliotometer. 

Dr, Brackett: Were you able to eliminate the 
influence of the transmission of the monochro- 
mator on measurements of emitted radiation, in 
the case of fluorescence? The transmission of 
the monochromator varies from wavelength to 
wavelength and would modify the observed in- 
tensities. 

Dr. Zscheile: In the fluorescence study, no 
correction was applied for the change of mono- 
chromator transmission with wavelength. This 
change was probably very small over the spectral 
range studied. A correction was applied for the 
change of photocell sensitivity with wavelength. 

Dr. Brackett : The specification of the sensi- 
tivity of a photocell or of a photocell plus ampli- 
fication system in terms of lumens leaves one 
rather much in the dark. As I remember, the 
sensitivity curve of caesium caesium-oxide on sil- 
ver is high in the blue, low in the green, rises to 
a maximum in the red and falls to zero at about 
11,000 A. The value to which it rises in the ul- 
traviolet depends to a large extent on the material 
and thickness of the window. To evaluate its 
sensitivity in terms of lumens requires weighting 
in tenns of the visibility curve and a knowledge 
of the wavelength distribution of intensity of the 
source. 
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Dr. Zscheile: The intensity in Innwns at the 
absorpticHi cell of the photometer system was an 
averai^ value and was stated to give only an ap- 
proximate idea of the order of magnitude. The 
calibration lamp was a tungsten filament lamp, 
operating at 105 volts, with a filament tempera- 
ture of about 1900“ K. No filters were used. 

Dr. Brackett: A determination of the current 
output compared with incident radiant power at 
each wavelength would be of great value in com- 
parison of methods. 

Dr. Knorr: Can you give the history of the 
chlorophyll b used in the study of the fluorescence 
spectra ; how long had it been extracted, and how 
long had it been in solution? 

Dr. ZscheUe: The pigment was isolated from 
fresh barley leaves by a ccxnbination and exten- 
sion of the methods employed by Willstatter and 
Stoll and by Tswett. Component b was Anally 
separated from the last traces of a by fractional 


precipitation from an dher pebrtfleuttt-eflNar ntlat*- 
ture. The preparations were 6 months dkl ais) 
the b comptmoit had been in ether aoltrtiatt 2 
months. The preparation of a had been in ether 
solution 8 days. These solutions were kept in 
tightly stopi^red bottles in the dark and had not 
lost their original colors. The a^aratus was not 
in readiness for the fluorescence measurements 
when the chlorophyll prq)arations were made 
and scarcity of material prevented the use of 
fresher solutions. 

Dr. Knorr: Was the phase test positive? 

Dr. Zscheile: The preparations gave good 
phase tests. 

Dr. Knorr : Was the chromatographic method 
of separation used in tl» preparation of the b 
component ? 

Dr. Zscheile: In the flnal se{»ration frwn 
component a, the b vras precipitated and Altered 
on talc, the talc absorbing the a and leaving b as 
a solid layer above the talc. 
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The purpose of this paper is to show to some 
extent the possibilities and limitations which are 
to be found in the investigation of photosynthesis 
in higher plants and to offer certain observations 
regarding mechanism* The experiment upon 
wMch these conclusions are based was originally 
undertaken as a preliminary to work with mono- 
chromatic light in order to determine whether 
further work with higher plants, such as wheat, 
would be justified. As a result of an analytical 
treatment of the data obtained, one is led to the 
conclusion that such material lends itself to the 
attack on certain restricted problems* The ex- 
periment was conducted by Mr. Hoover working 
under my direction at the Smithsonian Institu- 
tion in 1932. It will suffice for our purpose to 
point out simply the salient features of the ex- 
periment. For greater detail one may refer to 
the original article, Vol. 87, No. 16, of the 
Smithsonian Miscellaneous Collections. 

Wheat plants, growing in nutrient solution of 
assigned concentration held at constant tempera- 
ture, were mounted so that the leaf surfaces were 
confined in a glass inclosure. Air with a constant 
COs concentration was supplied to the chamber 
at a fixed rate. The air was recirculated over 
the leaves at a high rate compared to the supply 
rate. CO 2 concentration was measured in both 
intake and exhaust by a method developed at the 
Fixed Nitrogen Laboratory by Ernest C. White. 
Essentially this method depends upon the meas- 
urement of conductivity of a potassium hydroxide 
cell wherein .02 N potassium hydroxide solution 
is brought into equilibrium with a fixed propor- 
tion of air at a definite controlled temperature. 
In order to make this method applicable it was 
necessary to improve the accuracy of thermostat- 
ing wherein the temperature fluctuation was 
limited to ± .05 ®C. Polarization was eliminated 
by reversal of direction of current. This method 
proved to yield values of CO 2 concentration re- 
producible to less than 1% of normal air con- 
centrations. 

In the course of this experiment we obtained 
homogeneous data for COa concentrations vary- 
ing over a range of 100 times, for approximately 
O.I to 10 times normal air concentration. Light 
intensity was varied from 80 foot-candles to 
1,000 foot-candles, that is, the maximum cor- 
re^onded to approximately one-fourth gram cal- 
ory per square centimeter per minute, or one- 
fourA of ordinary sunlight intensity. 

The illumination was supplied from eight sym- 
im^rtcally arranged tungsten lamps, thus reduc- 


ing self-shading to a minimum. Furthermore, 
since each leaf, no matter what its orientation, 
was subjected to practically equal illumination on 
both faces, the variation in radiation density was 
reduced to a minimum. Nevertheless, even such 
a measure fails to eliminate the difficulties aris- 
ing from the variation of energy density within 
the leaf. It was found that the leaves transmitted 
from 14 to 18% of visible radiation. However, 
since most of this transmission occurred in the 
yellow and green, it is inevitable that total absorp- 
tion took place in the region of the greatest 
chlorophyll absorption. While some transmitted 
inergy is detectable even in the region of 6600 A, 
this may be attributed to the absence of chloro- 
phyll in certain portions of the leaf. Further- 
more, with radiation arising from a high temper- 
ature tungsten lamp, the greatest energy is to be 
found at the long wavelength or red end of the 
spectrum, with a rapid decrease in energy as one 
goes toward the blue. Consequently, the contri- 
bution of absorbed energy will arise chiefly in 
the red end of the spectrum. 

Radiation from the high intensity mazda lamps 
was filtered through a screen of copper sulphate 
solution, thus reducing the infrared radiation to a 
point where the ratio of visible to infrared ap- 
proached that of sunlight illumination. Under 
those conditions normal coloration and growth 
were obtained. The copper sulphate solution 
serving as a radiation filter was circulated directly 
over the confining walls of the growth chamber 
itself. This was maintained by thermostating the 
circulating copper sulphate solution. 

In these experiments, observations made over 
this wide range of CO 2 concentrations (0,1 to 10 
times normal air) were obtained at six different 
representative light intensities. Growth correc- 
tions were made based upon the photos)mthetic 
rate under standard conditions. Values for dark 
respiration were determined at intervals during 
the experiment, then assuming no change of res- 
piration during illumination, values were arrived 
at by interpolation which were added to the ob- 
served rate of CO 2 assimilation. 

Figure 1 shows the results of this experiment, 
the photosynthetic rate as measured by the 
amount of CO 2 absorbed in a given interval of 
time plotted as ordinates (V) and the CO 2 con- 
centration as abscissae (S), proportionality fac- 
tors being as follows : 

Ordinates, CO 2 assimilated. Multiply by 
0.00025 to obtain cc. per min. 

Abscissae, COa concetitratidus. Multiply by 
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0,000041 to obtain volume per cent. The indivi- 
dual curves represent values obtained for six 
light intensities, the factors being as follows: 

Parameters, light intensity. Multiply by 3.56 
X 10“"* to obtain watts/cm*. Multiply by 4.% 
to obtain foot-candles. 

Thus we have a fairly representative family of 
curves wherein the light intensity is the i)ara- 
meter. Of course these data may be replotted 
as photosynthetic rate against light intensity 
where CO 2 is the parameter, as shown in Figure 
2. It will be noted that at high CO 2 concentra- 



tions the photosynthetic rate is directly propor- 
tional to the light intensity. 

Turning again to Figure 1, this point will be 
borne out by the fact that the photosynthetic rate 
is the same for all high values of CO 2 concentra- 
tion for a given light intensity. Other than this, 
the most striking feature oi the curves is the fact 
that the transition occurs for about the same 
range of CO 2 concentration for each curve. If 
one strikes a line through the points for lower 
CO 2 concentrations as indicated by V =: KpS, 
it will be seen that this transition range is bound- 


ed by another line parallel to the first approx!*** 
matcly through the value of S = 2,000. In other 
words, for high light intensity, the photosynthe- 
tic rate rises at first almost linearly with COji 
concentration, then passes through a transition 
range, finally becoming independent of CO 2 con- 
centration. In an attempt to represent these vari- 
ous curves analytically, it seemed likely that a 
consideration of the distance over from the limit- 
ing line V = ki' S, which 1 have indicated by a 
in Figure 1, and downward from the maximum, 
which I hsLvt indicated by b, might lead to a 
common representation. As a matter of fact, we 
are led to a consideration of the fractional part 
Vm/b against a. It is evident that the distance a 
may be expressed as S— (VAi)» which I shall 
call X. The ratio of Vm to b I shall call y, that 
is y = Vm/(Vn, — V). As a further refinement, 
however, it was found that the fractional values 
of the maximum were better described in terms 
of a line of greater slope, which I will call k', 
than the limiting line indicated. The significance 
of this fact will be discussed later in the paper. 

Plotting X against y, we find that the curve is 
readily represented by the expression 

X = (logey/Ci)/Cs. 

In other words, 

S = V/k' + (I/C2) loge [V„/ci(V„ -- V)]. 
Thus, we obtain the expression for V : 

-~C2(S- V/k'+ (1/C2)log.c0 
V = V.„[l-~e ] 

Plotting loge[Vtt/(Vm — V)] against S — 
V/k', as shown in Figure 3, we find that all the 
points lie within the experimental error of a 
straight line whose slope C 2 equals 1/473 and 
whose intercept value, log Ci, is .25. In this 
plotting, we have found that the best value of k' 
is .57. Turning to our equation for V, we may 
regard the expression (I/C2) log«» Ci as a cor- 
rection to S, whose value is 117. Taking our 
values for the maximum and plotting them 
against I, Figure 4, we obtain an expression 
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Vtt, = km, 1, where km = 3.6. This may now 
be introduced in our equation for V, giving 

■-c.(S^(V/k'+(l/c,) log,ci) 
V=kml[l--e ] 

This expression is simply for the moment an an- 
alytical representation of all the points observed 
(with the exception of those which arise in the 
limiting slope), wherein we have four arbitrarily 
determined constants km, k', ci, and C 2 . 

In order to arrive at the significance of this 
equation, let us consider the following mechan- 
ism: 

First, diflFusion, which we will represent by 
ki 

S S'. 
k2 

Second, photochemical velocity : 

Vrrc'I (1 ~ 

The factor 1 — we recognize as closely 

analogous to the total absorbed energy according 
to Beer's law. In this case, however, it should 
be borne in mind that C (^2 is itself non-absorbing 
in the region of photosynthesis. Consequently 
the significance of this expression must be sub- 
jected to further analyses. This will be discussed 
later in the paper. 

Finally, let us take into consideration a respira- 
tion whose velocity we shall represent by r. Then 
if we assume that equilibrium has been reached, 
the conservation of mass yields the following ex- 
pression : 

dS'/dt sr kiS-f r-kaS'- V = O. 

So we obtain for S' 

S' = (kiAa) (S) - (VAO + (rAi) 

and, substituting the equation for the velocity of 
the reaction, we have 


--c"(kiAa) (S) - VAi) + (rAi) 

V=:c'I[l~-e ] 

It will now be evident that we can identify c' 
of our theoretical equation with km, c"kiA 2 with 
C 2 , ki with k', and rAi with (l/ca) logcCj. In 
other words, (I/C 2 ) loge ci may be identified as 
a respiration term. 

For convenience we may prefer to think of 
rAi as a correction to S ; in other words, due to 
respiration, an amount of carbon dioxide has 
been made available, r/k^, in addition to the ex- 
ternal supply, S, the magnitude of this additive 
correction being 117. 

Referring to the original data, we find that the 
value of r is of the same order of magnitude as 
the observed dark respiration value. On the basis 
of the four constants thus evaluated, we may plot 
a family of curves for the sake of comparison 
with the original data as shown in Figure S. This 
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has been done convenient!) by means of the y 
= constant lines. On these lines every point 
represents an equal fractional part of the maxi- 
mum value for that light intensity. We now see 
that the significance of our S-correction due to 
respiration may be seen in the fact that the curve 
extrapolates to a point on the S-axis 117 to the 
left of the origin. In other words, whereas the 
velocity was corrected for the dark respiration 
value, the corresponding contribution to the avail- 
able CO 2 was neglected in the original plotting. 

It will be seen that this analysis of the data 
radically differs from the previous explanations 
in that a factor 1 — has been suggested 

from the analysis of the data instead of an ex- 
pression of the form arising from the simplest 
Langmuir adsorption isotherm. This latter type 
of consideration leads to an expression 

aS7(b + S'). 

If now, however, we take into consideration 
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the fact that a rapid decay in energy density takes 
place within the leaf and assume for the moment 
that the decay follows a more or less logarithmic 
fonn, we will arrive at the expression given 
analytically for the absorbed energy if we assume 
that the amount of energy finding its way into 
the photosynthetic reaction depends linearly upon 
the concentration of CO2 or carbonic acid. If 
the adsorption of CO2 or carbonic acid upon 
chlorophyll were to follow the simplest Lang- 
muir isotherm, one would have 

Y ^ j (1 _ ^-c*U87(b -f 

Then if we assume that b is sufficiently large, i.e. 
large dissociation constant, the expression reduces 
to the one obtained from our anal^ical derivation. 

It is evident, however, that unless the decay 
curve of energy density could be accurately 
known, such a conclusion in regard to the value 
of the dissociation constant could not be regard- 
ed as being based upon very substantial evidence. 
Certainly in this case we have no reason to sup- 
pose that the decay curve should necessarily fol- 
low Beer's law and only in such case would we 
be justified in arriving at a definite conclusion 
regarding the magnitude of the dissociation con- 
stant. 

As an alternative to such considerations, we 
may regard the observed curve as the summation 
of a number of curves for light intensities grad- 
ing from the maximum down to zero. It is im- 
mediately evident that the summation of a num- 
ber of linear portions over a certain range leads 
to a resultant curve which is also linear over that 
range, though of less slope than the maximum; 
furthermore, that such a resultant will pass 
through the same origin as would the compon- 
ents. Pursuing this line of argument, it is evi- 
dent that regardless of the exact form of the 
component curves they must extrapolate to the 
same origin as the observed curves. Consequent- 
ly, we are justified in attaching some significance 
to the respiration value as a correction to the 
diffused CO2 concentration as it makes itself felt 
in the transition range. 

Turning again to Figure 1 , I wish to point out 
that whereas the transition curves extrapolate to 
a point to the left of the origin, as explained by 
respiration considerations, the limiting values 
obtained for high light intensities definitely extra- 
polate to zero for CO2 concentration. In other 
words, for higher CO2 concentration values, the 
available concentration of diffused CO2 or car- 
bonic acid is influenced by the respired CO2, but 
for low CO2 concentration values the respired 
CO2 is not available. It may be significant that 
the effect of the respired CO2 only makes itself 


felt in the range where the photochemical mech- 
anism begins to act as a limiting consideration, so 
that the rate never exceeds a value which is 
strictly proportional to the external CO2 concen- 
tration. This is further brought out even at 
higher light intensities which were observed in 
the course of an earlier experiment. 

It should be especially pointed out that while 
diffusion influences the slmpe of the transition 
curves in that it determines the slope of the y =: 
constant curves, diffusion limitation would be ap- 
proached as a limiting slope only at very low CO2 
concentrations. Before this point is reached, 
however, some other CO2 limitation asserts it- 
self, as indicated by the V = k/ S line in Fig- 
ure 1 . These observations are in line with War- 
burg's contention that CO2 enters in two differ- 
ent ways into the photosynthetic process. 

In conclusion, I wish to point out: 1 ) that 
where adequate measures are taken to control the 
environmental conditions, higher plants yield 
highly reproducible values, that the experimental 
error is certainly as low as the l)est work with 
Warburg type of equipment on unicellular forms ; 
2 ) that by the use of a standard photosynthetic 
rate as a basis for correction for growth, homo- 
geneous data may be obtained even over several 
days observation, which makes possible the 
representation of a whole family of curves by a 
simple type of analytical expression with a mini- 
mum number of significant constants; 3 ) that 
where radiant energy is supplied in a region of 
maximum absorption, total absorption takes place 
even with as thin leaves as wheat, so that the fall 
in intensity toward the center of the leaf must 
be considered even under conditions of cross- 
firing. Consequently, attempts to account for the 
sliapes of the curves in terms of chemical kinetics 
without taking into account the intensity distribu- 
tion will certainly lead to erroneous conclusions. 
Finally, we may point out that were monochro- 
matic light used, of a wavelength corresponding 
to a maximal transmission for chlorophyll it may 
be possible to largely eliminate the effect of in- 
homogeneous energy density distribution within 
the leaf. In view of the high reproducibility and 
consistency of the data obtained, such investiga- 
tions might well be expected to yield significant 
data regarding mechanism. 

Furthermore, the method described lends it- 
self to the study of the physiological effects pro- 
duced genetically as exhibited in the albino and 
various pale green com plants shown by Dr. 
Demerec. The pale green forms may especially 
lend themselves to a further reduction in the ef- 
fects of inhomogeneous distribution of energy 
density within the leaf. 
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Discussion 

Mr, Linemeaver: Brackett suggested in his 
origiml report of this data that the carlK)n di- 
oxide concentration might vary over a consider- 
able range for different chloroplasts. One may 
employ this suggestion to derive an equation of 
the exact form of his final logarithmic equation. 
The following treatment was made after Brac- 
kett had shown me his equation, and when it 
was believed that the light intensity was practical- 
ly the same for the different chloroplasts. 

We may assume under ideal conditions that at 
constant light intensity the velocity of photosyn- 
thesis, v = (ki Poo 2 )/(k 2 + Pcoa), is of the 
form of the simplest type of Langmuir isotherm. 
However, if the concentration of COo is not the 
same for the different chloroplasts, as would re- 
sult if diffusion through (not into) the plant 
were limiting, the following treatment may be 
desirable. We may divide the plant into a num- 
ber of arbitrary cells, so that the concentration of 
CO 2 is constant in any given cell. The observed 
velocity, Vou will then he equal to the summation 
of vi, V 2 , va . . , vn ; 

== (kiS0/(k2 + Si) , 

V2 = (kiS2)/(k2 + S2) , etc. 

The observed velocity may also Ije expressed as 
Vob« = (nki S")/(k 2 4- S")> where n is the 
number of cells and S" is the concentration of 
CO 2 which if uniformly distributed would give 
the observed velocity. It is now necessary to de- 
fine S" as a function of Pcoo* It is easily seen 
that at low P 002 the value of S" required would 
be considerably less than the concentration in the 
first cell and that at high P 002 when saturation is 
progressively reached in cells 1, 2, 3, etc., S" will 
approach the value in cell 1 so that the curve S" 
X S (or S — v/k' if there is a boundary diffusion 
resistance) will be concave upward. The func- 
tion S" = ka 1) will qualitatively give 

such a curve. Inserting this value of S'' into the 
former equation one obtains 

Vob. = nk (l-~e- 

which is in the form of the final logarithmic 
equation. 

The postulate given here is admittedly arbitra- 
ry, but at least gives an analytically feasible in- 
terpretation of the equation, assuming constant 
light intensity. Furthermore, it rests essentially 
on the hyperbolic nature of the light and carbon 
dioxide functions which have been employed me- 
chanistically to give correct qualitative prediction 
of temperature coefficients, of the effect of in- 
hibitors and of the results of flashing light ex- 


periments (Burk and Lineweaver, Nature 135, 
621 (1935) ). 

Dr, Brackett: 1 have been concerned aiwut 
the contribution of diffusion in case there were a 
different diffusion resistance to different chloi-o- 
plasts. Having come to the conclusion, however, 
that different intensities exist at different chloro- 
plasts, it seemed that this would be sufficient to 
account for the observed curves, if one assumed 
a constant diffusion resistance. On the basis of 
the principle of simplicity, I was not inclined to 
look further for the explanation, particularly in 
view of the likelihood that a higher plant is so 
constructed as to provide a minimum diffusion 
resistance to the various chloroplasts. 

Dr, Burk : I am inclined to believe, from con- 
siderations of any data at hand, that rather con- 
trary to the opinion of Brackett, there would 
be something like equal orders of probability in 
regard to light intensities varying throughout the 
plant, as suggested by Lineweaver. I'he principle 
of simplicity, known for ages as the principle of 
William of Occam, forbids the assumption of un- 
necessary hy|>otheses, but eliminates no reason- 
able, untested explanation. 

Dr, Brackett: One point might be mentioned 
if we go back to the consideration of the shape 
of the curves for CO 2 assimilation as a function 
of CO 2 concentration at constant light intensity. 
Over a rather wide range of CO 2 concentration, 
one finds practically constant assimilation rate. 
In order to account for this on the basis of the 
simplest Langmuir isothenn one would have to 
postulate a much lower dissociation constant than 
would be found if one attempts to fit the transi- 
tion range directly. However, in view of the 
lack of homogeneity of energy density the ob- 
served curve may be regarded as the sum of a 
number of curves of this Langmuir type with a 
relatively low dissociation constant which is com- 
patible with the constanc> of assimilation for the 
higher CO 2 concentrations. This would bring 
our observations into harmony with the assump- 
tion of the simplest Langmuir isotherm to be dis- 
cussed at greater length by Burk. 

Dr, Arnold: Did you make any experiments 
with higher light intensities? 

Dr, Brackett : Yes, we worked at higher light 
intensities in a preliminary experiment, which, 
however, was subject to certain objections regard- 
ing the method of growth correction and other 
matters of technique. For instance rubber con- 
nections were used, which were later replaced by 
an all vitreous system. Due to diffusion through 
the rubber connections, errors were introduced 
at low CO 2 concentration. In spite of these 
objections, the experiment offers certain points 
of interest. If one plots rate of assimilation 
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against light intensity at constant CO 3 con- 
centration, the curve for high CO 2 concen- 
tration presents for lower light intensities a wide 
range of practical linearity. Then at approxi- 
mately 1000 foot candles it breaks, increasing 
thereafter almost linearly, but at a much reduced 
slope. When the CO3 concentration is still 
greater one obtains the same constant for the 
lower portion of the curve. For the range above 
1000 foot candles the slope is increased slightly, 
but still far below the slope indicated in the lower 
range. Thus for light intensities above 1000 
foot candles, one finds that the photosynthetic 
rate is dependent upon both CO 2 and light in- 
tensity. The values obtained in this region can- 
not be obtained from the relationships which we 
have derived in the lower range. Evidently for 
this range of high light intensity and high CO 2 , 
we arc dealing with a definitely different situation 
from that which we have reported in some detail 
in the case of our second experiment, where all 
of the values of light intensity were below 1000 
foot candles. 

Dr. Emerson : Your curves for rate of as- 
similation as a function of carbon dioxide con- 
centration suggest that at the higher light intensi- 
ties, diffusion of carbon dioxide through the sto- 
mata may have entered as a rate-determining 
factor. 

Dr. Brackett: Yes, that is a possibility, and 
also there is the possibility of reorientation of the 
chloroplasts or chromatophores. If this were the 
case, the reduction in effective absorbing area 
would account for a new and possibly changing 
factor of light dependence. To me the rather re- 
markable thing is that the effective absori)tion is 
ap|>arently constant up to 1000 foot candles. Both 
the possibility you mention, readjustment of the 
stomata, and also the possibility of a readjust- 
ment of the chloroplast in higher light intensity 
may enter into the modified conditions observed 
at the higher range. 

Dr. Emerson: I should think the cross-light- 
ing used during your experiments would mini- 
mize the effect of changes in position of the 
chloroplasts. 

Dr, Mestre : In certain plants, at least, under 
intense illumination the chloroplasts tend to col- 
lect into more or less dense aggregates which de- 
crease the effectiveness of the absorption. I 
don't know whether this occurs in wheat or not. 

Dr. Emerson: Have you any information 
about the behavior of the stomata of the wheat 
plant in intense light and at high concentrations 
of carbon dioxide? 

Dr. Brackett: No, I haven't. 

Dr. Emerson: I-Iave you any experiments 
which would help to show whether the rate-limit- 
ing process at low concentrations of carbon diox- 


ide is a chemical process or a diffusion process? 

Dr. Brackett : No. Decisive evidence, such as 
would be obtained from experiments at varying 
temperatures, is not available. However, the dif* 
fusion constant which we have assumed in our 
analysis is not limiting even at low CO 2 . 

The difficulty with the temperature experiments 
arises from the fact that it took almost a week 
to obtain data at one temperature, and the danger 
is that if one attempted to obtain a complete set 
of data with other variables such as tem|:^ratures 
one would be in trouble finally in that the plant 
had varied too much. One would have to restrict 
the modification of other variables if one were to 
follow the temperature change over a consider- 
able range. This certainly could and should be 
done. 

Dr. Burk: I wonder if it is a consideration 
against your proposed idea of the summation of 
component curves, that after all the velocity over 
that range of high CO 2 pressure is directly pro- 
portional to the light intensity — and that the sum- 
mations give, curiously enough, the required lin- 
earity. You have obtained an extraordinarily 
good fit for your data, and some rather jieculiar 
explanation is apparently called for. 

Dr. Brackett : It would appear that to retain 
the linearity with light intensity would place a 
special requirement on the type of summation. 

Dr, Burk : It is to lie pointed out that the res- 
piration correction applied to the carbon dioxide 
concentration abscissa appears, by Brjickett's 
analysis, to effect the curves only at high carbon 
dioxide concentration. The simplest, a priori, 
view would lead one to l>elieve that one would 
observe the largest effect at low carbon dioxide 
concentrations, where the plant suffers most from 
carbon dioxide limitation. There are other con- 
ceptions, however, whereby the converse expecta- 
tion might hold. 

Dr. Emerson : The fact that these curves des- 
cend to the origin might be interpreted as evi- 
dence that the respiration correction is nearly 
right. If respiration in the light were seriously 
different from the value measured in the dark, 
then one would not expect these curves to go so 
neatly toward the origin. 

Dr. Brackett: Yes. The amount of respira- 
tion correction is relatively large at low light in- 
tensities. More tlian that, unless one complicates 
the expressions, one has to assume constant res- 
piration independent of light intensity if we ap- 
peal again to the principle of simplicity. I am 
inclined to conclude from that, that respiration 
was constant throughout the experiment. This is 
not conclusive evidence but simply in the direc- 
tion of simplicity. 

The intercept value of 117 corresponds to a 
dark respiration of 67 which is a little over 3 
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times larger than the dark respiration value ob- 
served. However, I do not regard the method of 
determination by extrapolation as sufficiently ac- 
curate to yield a signiBcant magnitude. It may 
be simply significant as to order of magnitude. 

Dr. Emerson: How many times greater than 
the respiration is the photosynthesis of the wheat 
pknt? 

Dr. Brackett: The maximum value observed 
for assimilation was 700, with a dark respiration 
of 20. This would correspond to a ratio of 35, 
which is a fairly high value, and the limit has by 
no means been approached. 

Dr. Burk : This ratio is about as high as ever 
obtained and several fold higher than olitained 
with most plants studied, where the ratio is usu- 
ally 2 to 10. It is interesting to recall that in 
some of Warburg’s most important experiments 
be was willing to work with a ratio of less than 
unity. In Brackett’s experiments there were a 
negligible number of points where the ratio was 
as low as the order of unity. 

The Smithsonian data probably represents the 
best family of CO 2 — I curves ever obtained. 
Harder obtained four C() 2 — I curves each with 
four points. These data rejiresent six light in- 
tensity parameter curves with ten or more points 
over a much wider range with respect to COg. 
We have the two explanations of variable light 
intensity (Brackett) and variable diffusion re- 
sistance through the plant (Lineweaver), which 
possibilities may well occur. I am strongly in- 
clined to l)elieve that an exi)lanation based on a 
constant cell boundary diffusion (as in Brackett’s 
analysis) together with a simple Langmuir CO 2 
isotherm (cf. Lineweaver and Burk, J, Am. 
Chem. Soc., 56, 658, 1934, case VII) probably 
provides the most satisfactory mechanism, ex- 


perimental and random errors being considered. 
This view takes much support from the fact that 
the dissociation constant for the assigned CO 2 
function is of the same order as is obtained in 
most plants so far studied. (Burk and Line- 
weaver, this volume), and the fact that such an 
excellently linear curve is obtained with respect 
to light intensity at high CO 2 concentration. 

Dr, Brackett: I think this may be said, that 
the analytical data are so definite and consistent 
throughout the entire set of curves tliat one may 
later, through further study, arrive at some eval- 
uation of the light distribution and diffusion 
characteristics which may make it possible to use 
the material as a more stringent test for the pro- 
posed kinetics, but that is rather an ambitious 
experimental undertaking. However, the charac- 
teristics involved are common to other plants of 
the same variety. In other words, the character- 
istics we are considering are general charactertis- 
tics, rather than things peculiar to the particular 
plant, such as, for instance, the concentration of 
chloroph}1I and the condition of the plant and 
things of that sort. One would probably encoun- 
ter greater difficulty in determining diffusion 
characteristics than light characteristics, which 
might quite well be determined. 

Dr, Emerson : In using these curves as a basis 
of kinetic studies on photosynthesis, it seems to 
me it would be necessary to be quite sure that 
their shapes are determined throughout by the 
process of assimilation itself, and are not influ- 
enced by such factors as stomatal aperture. 

Dr, Brackett: The only inherent evidence of 
such change comes at higher light intensities such 
as were observed in the first experiment but not 
in the second experiment which is presented in 
this analysis. 
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Warburg (1926) showed that the process of 
photosynthesis in Chlorella could be considered 
to consist of two major reactions, one photo- 
chemical, the other (known as the dark or Black- 
man reaction) not involving light, but sensitive 
to temperature. This paper attempts to deter- 
mine the extent to which the concept of a two- 
step cycle may be used to descri^ photosyn- 
thesis when effected by intermittent light, ( Emer- 
son and Arnold, 1932). From a general expres- 
sion of the two-step cycle equations are derived 
to fit the experimental data for Chlorella. 

Model of Photosynihesis : First Postulate 

Photosynthesis is accomplished by a cyclic 
mechanism in which only two reactions are of 
importance in determining the rate. One is a 
photochemical change : 

a -f light -♦ b, 

in which the rate is represented by 
*1 (I, N) 

where I is the intensity of the light and N is the 
amount of a present. 

The other reaction, known as the Blackman 
reaction, is a temperature-sensitive chemical re- 
action; 

b -* a 

with the rate given by 

4a (B, n) , 

where » is the amount of b present, and B is a 
function of the temperature. 

Model of Photosynthesis : Second Postulate 

If measured in the same units, the amount of a 
plus the amount of ib is a constant. 

N + h = K. 

where A is a constant whose nature and measure- 
ment will be considered later. 

Model of Photosynthesis : Third Postulate 

The completion of the cycle is necessary for 
the liberation of oxygen. 

The Steady-State of Photosynthesis in Contin- 
uous Light 

In continuous light the rate of oxygen produc- 
tion Q will be 

Q = 4s(B,n') I 


where «' (the steady-state value of n) is deter- 
mined from the simultaneous solution of 

(I.N') = 4a (B,n') . 11 

and 

N' -f- n' =r K . m 

Steady-State of Photosynthesis in Flashing 
Light 

Throughout this section and those following 
devoted to flashing light, we assume that tlM 
Blackman reaction does not take place during the 
time that the light is on. This assumption is 
based on the fact that the light is on for only 
about a tenth of one per cent of the dark time. 

The photosynthesis accomplished in flashing 
light may be most significantly expressed in 
terms of the amount of oxygen produced per 
flash ; we shall call the quantity M. Experiment- 
ally M represents the amount of oxygen pro- 
duced in five minutes, divided by the number of 
flashes in five minutes. 

After the flashing light has been on for five 
minutes the transient terms will have become 
negligible; a steady-state will have been reached 
in that the cycle will exactly repeat itself. Let 

Ni -}- ni = K (at the beginning of the flash) 
and 

N 2 -1- ns = K (at the end of the flash). 

During the time of one flash the amount of sub- 
stance a falls from N\ to JVj. These two numbers 
define a fraction G, such that 

Na = GNi 

(The value of G depends on the order of the 
reaction and will not in general be independent 
of Ni.) Similarly, the two values of « deter- 
mine a fraction H : 

ni = Hna . 

Or, H is the fraction of b which lasts until the 
beginning of the next flash. 

From the third postulate, that oxygen is pro- 
duced only on the completion of the cycle, we 
see that 

M = Ni-N,. 

Now, since N 2 equals GNi, 

M=(l-G)Ni, IV 

and the value of Ni may be determined from the 
four simultaneous equations : 
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Nt ni sa K (A) 

ATj 4" w» = ^ (B) 

Na s= GNi (C) 

ni = Hna (D) 

Substituting in (B) the value of Na and «* given 
by (C) and (D) we have 

GNi + ni/H = K , 

or 

nt =iHiK-GNi) . 

Then, replacing Wi in (A) , 

Ni + HK - GHNi = K , 
or 

Ni - K[(1-H)/(1-GH)] 



Substituting the above value of Ni in Equa- 
tion IV: 

M = K[(l-G) (1-H)/(1-GH)] V 


Ln G as a function of the energy per flash. The 
straight line indicates that the light reaction is 
first order. (Data from Emerson and Arnold, 
1932 ). 


or the oxygen produced per flash 
If the time between flashes is sufficiently long, 
the Blackman reaction can reduce the amount of 
b to almost zero ; thus H becomes zero and 

M = K(1~-G). VI 

If the energy in one flash is la^e enough, all of 
substance a will be used up, cf becoming zero. 
Then, 

M=K(1-~II). Vll 

Therefore, if both the energy and the time be- 
tween flashes are large. 


sumption that the Blackman reaction may be 
neglected during the short time that the light is 
on, we have 


rW 

I 

*/o 


(I,N)dt = Nx(l-e“A®) 


Ni 



where 7 V is the length of the light flash and E is 
equal to 


M = K. VIII 

This is the experimental method of measuring /f. 



Application of the Model to Chlordila 

In order to find expressions for tl>u G, and 
H, involving experimental conditions, we analyze 
the experimental results in Chlorella in terms of 
the m<^el. 

First, we fulfill by experiment the conditions 
implied in Equation VI. (Emerson and Arnold, 
1932) 

Secondly, we rewrite Equation VI to read 
G = (K-M)/K. 


Differentiating with respect to tv (considered as 
a variable), 


d/dw 


J ^w 

(I,N)dt = [«i(I,N)1, 
o 

-j: 


■'W 

Idt 


NiAIwC 

the rate of the photochemical reaction at time w. 


If we plot the experimental quantity In 
(K— M)/K as a function of E, the energy per 
^h, using the saturation value of M as K 
(Equation VIII), we see that it is of exponential 
form (Figure 1). Therefore, 

G = e--*®. 


/ ’W 

Remembering that A'l e 
is the value of N at time w, 

^,(I,N) = AIN. 


From the definition of ^ (I, N) as the rate 
of the photochemical process, and from our as- 


the rate at any time. 

The determination of H and ^2 ( B, n) is made 
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in the same manner. When the light flashes are 
very bright Equation VII is applicable, and 

H = (K-^M)/K. 

In Figure 2 we have plotted Ln[(K— M)/K] 
against the dark time d, (the length of time be- 
tween flashes). The straight line indicates that 

H = e-»^. 


N + n^K, X 

can be solved for n. Substituting in Equation IX 
the value of N from Equation X, 

AI (K-n) = Bn 
or 

n = (AIK)/(AI + B.) 

Putting the value of n in Equation I, we have 



liD H as a function of the time between flashes. 
The straight line indicates that the Blackman 
reaction is flrst order. The slope of the line is 
B and depends upon the temperature. 


From the definition of the quantities involved we 
know that 

(B, n)dt = 02 — ni = n 2 (l-~e~”<*). 

Differentiating both sides with respect to d we 
have 

/^d 

d/dd I <A2(B,n)dt = [<#»2(B,n)]d = n2Be“®‘^. 

Jo 

Since, n 2 e~®^ is the value of n at the time d, 
H (B,n) = Bn 

at any time. 

The above equations, showing that the Black- 
man reaction can be represented as first order 
in terms of the interm^iary substance b, may 
also be derived from a study of the rates of 
photosynthesis after irradiation with ultraviolet 
light, (Arnold, 1933). 

We are now in a position to give explicit 
relationships for the rate of photosynthesis. Sul>- 
stituting in Equation II the expressions for 
and which we have just determined, we obtain 

AIN = Bn , IX 

which, taken in conjunction wtih the conserva- 
tion equation. 



Q=:=K[(AIB)/(AI + B)] XI 

as the general expression for the rate of photo- 
synthesis in continuous light. 

The amount of photosynthesis per flash in 
flashing light is given (after substituting for G 
and H in Equation V) by the expression, 

M = K[(I-e~A») (l-e-®**)/ 

XII 

We have already seen that this equation fits 
the data when either E or d are very large. When 
that is not true, the denominator in Equation V 
will l>e less than 1, so that the value of M for 
small dark times will be raised in comparison 
with Equation Vll. In Figure 3, the bottom 
curve was mqde with a neutral filter covering 
the dischai^e tube under conditions that made the 
value e~^® equal to about .55 The change in 
shape due to the change in the denominator may 
plainly be seen. 

The effect of small concentrations of indiffer- 
ent narcotics on the process of photosynthesis is 
described qualitatively for both continuous and 
flashing light by assuming that the presence of a 
narcotic reduces the amount of material involved 
in the cycle, that is, reduces the value of K in the 
above equations. 



Relative photosyntbeels per flash as a fuaetkm of 
the time between flashes. Open circles were made 
at light saturation. Solid circles were made 
with a 35% neutral Alter. 
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Small concentrations of HON, on the other 
hand, have no effect on the amount of material 
involved in the cyde, but by diminishing the 
value of B make it necessary to allow a longer 
time for the completion of the Blackman reaction. 
That only B is affected by HCN is consistent 
with the observation that HCN does not inhibit 
photosynthesis at low light intensities where the 
rate would be given by 

Q = AIK XIII 

That the value of K in the above equations de- 
pends upon the carbon dioxide concentration is 
clear from the fact tliat with intermittent light 
it is impossible to compensate for the effect of 
low carbon dioxide concentration by any spacing 
of the flashes. (Emerson and Arnold, 1932) 
For high-intensity continuous light, Lmeweaver 
and Burk (1934) have shown that the reciprocal 
of the rate of photosynthesis l)ears a linear re- 
lationship to the reciprocal of the carbon dioxide 
concentration. Remembering that for high light 
intensity, Equation XI becomes 

Q = KB XIV 

and that B does not dei)end upon the carbon di- 
oxide concentration, we have 

K = [U/(kt-f-U)lKo XV 

as the relation between K and U (the carbon di- 
oxide concentration). ki is a constant and Ko is 
the value of A" at carbon dioxide saturation. 

For the flashing light data we find empirically 
that K can be expressed by 

K == + (k4U)/(k8 + U)]Ku XVI 

when 

ki -f- k2 — 1. 

The small constant ko may l>e interpreted a.s that 
part of photosynthesis which uses directly the 
carbon dioxide produced by respiration. 

Ko, the value of K at carbon dioxide satura- 
tion, has been found to lie di recti v proportional 
to the chlorophyll content of the cells. (Emer- 
son and Arnold, 1932). If Ao be expressed in 
mols of oxygen produced i)er cmm. of cell mater- 
ial, and if the chlorophyll content he expressed 
in mols of chlorophyll per cmm. of cell material, 
we have the relation 

Ko = chlorophyll/^ 

where p has a value of 2000 — 3000. Exactly 
what this relationship means we do not know. 
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Discussion 

Dr, Brackett: One would like to know the 
intensity distribution within a flash. With little 
inductance, the current might have died out loga- 
rithmically. If such had been the case, the larger 
part of the period of illumination would have 
been at low intensity. 

Dr. Arnold : That is an important point, but 
we liave not had the equipment necessary to study 
the intensity distribution. 

Mr. Lineweaver : Do you think tliat there are 
any reasonable methocis of avoiding the implica- 
tion that since 2000 chlorophyll molecules are em- 
ployed j)er C( >2 molecule reduced in flashing light 
experiments, the same number would be required 
in continuous light experiments ? 

Dr. Arnold: No, I don’t think there are. 

Dr. Burk : Isn’t it fair to say that there is as 
yet no reasonable explanation of this 2000 num- 
ber? 

Dr. Arnold: Yes. 

Dr. Rotlicmund : What would lie the limit of 
error in the determination of the photos> nthetic 
unit of 2000 chloroj>hyll molecules ? 

Dr. Ariwld : The largest error is in the chlor- 
ophyll determination. (See Dr. Zscheile's paper). 
I believe the lowest value is the most significant. 

Dr. Burk : Would the number be higher with 
low light intensity? 

Dr. Arnold: Yes. 

Dr. van Niel : If the assumptions as laid down 
in equations 1 and 2 be correct, then one has to 
admit the reality of these large chlorophyll units. 
But I should like to ask whether it is probable 
that the outcome of the calculations points to a 
fundamental discrepancy between these assump- 
tions and the actual mechanism of photosynthesis. 

Dr. Arnold : In ms opinion, we either have to 
believe that a large number of chlorophyll mole- 
cules cooperate in the mechanism of photosynthe- 
sis, or we have to believe that some fundamental 
assumption which we have been taking for 
granted is wrong. 
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THE EFFECT OF INTENSE UGHT ON THE ASSIMlLAimT MECHANISM OF 
GREEN PLANTS, AND ITS BEARING ON THE CARBON DIOXIDE FACTOR. 

Robert Emerson 


Injury to the photos 3 mthetic mechanism of 
green plants as a result of exposure to intense 
light has been reported by both early and recent 
investigators of carbon dioxide assimilation. A 
diversity of experiments with technique of usual- 
ly unproven reliability has led to opinions about 
the nature of the injury which are by no means 
in agreement. This lack of agreement becomes 
important because deductions concerning the 
mechanism of carbon dioxide assimilation have 
been made from the observed behavior of plants 
exposed to intense light. It seems to the writer 
that agreement on the descriptive characteristics 
of the process must precede any fruitful discus- 
sion of the tpechanism involved. Some relatively 
simple experiments with the alga Chlorella 
pyrenoidosa may facilitate a more satisfactory 
general interpretation of the conflicting observa- 
tions on the variability of the rate of photosyn- 
thesis dixring prolonged exposure to intense light. 

Without attempting to discuss all the publish- 
ed work bearing on this subject, we shall consider 
representatives of three kinds of experiments 
which have contributed to the present state of 
our knowledge of this subject. 

(1.) Sunlight has been concentrated with a 
burning glass on plant material, and the effects 
on cell structure, color, and behavior observed. 
Pringsheim (1879-1881) and Ewart (1898) con- 
cluded from such ejqwriments that the chloro- 
phyll could be partially or completely destroyed 
in a few minutes. As Ewart was aware, lx)th 
his own results and those of Pringsheim probably 
were due in part at least to heat effects, and not 
to visible light alone, although Pringsheim be- 
lieved that heat was not a factor in his experi- 
ments. Judging from Pringsheim’s description 
of eflPects in different regions of the spectrum, he 
seems to have had good grounds for this opinion, 
but his precautions would be considered crude 
today. Ewart made qualitative obser\'ations on 
photos)mthesis, and noted that it might ap- 
preciably depressed without apparent change in 
green color, though he admitted that considerable 
changes in chlorophyll content could escape de- 
tection. In direct disagreement with Pringsheim. 
he concluded that “light acts both as a stimulus 
to the fonnation of chlorophyll and induces its 
photochemical oxidation’', (p. 395). Prings- 
heim had reported that even after weeks the 
chlorophyll was not regenerated in bleached 
areas, though the cells involved continued to live. 

(2.) Some investigators have observed the 
formation and disappearance of starch in leaves 


exposed to strong light. Ursprung (1917) bof* . 
rowed from photography the term "solorwtHon^ 
to describe the phenomena which he and otifiers 
observed with this method. On exposure to light, 
a leaf previously kept in darkness until free of 
starch will form starch, and presently will give 
a strong starch-iodine reaction. If the light is 
intense and the exposure continues for several 
hours, the starch gradually disappears, until 
finally the iodine test shows no blackening, or a 
reversal of the original effect of light. By pro- 
jecting the spectrum of concentrate sunlight on 
a leaf, Urspning showed that solarization set in 
first in the red region, later progressing toward 
the blue end. He does not compare the effect 
in green, wliere chlorophyll does not absorb ap- 
preciably, with the effect in red and blue, where 
absorption is strong. He says that light intensi- 
ties sufficient to cause disappearance of starch 
may cause no apparent c^nge in greenness, 
though extreme intensities cause destruction of 
chlorophyll and death of the cells. He believes that 
the disappearance of starch indicates cessation of 
carbon dioxide assimilation. This is very likely 
true, though certainly other factors besides photo- 
synthesis govern the formation and disappearance 
of starch. Ursprung discusses several possible 
causes for cessation of photosynthesis in strong 
light, but his results do not permit a decision 
among them. 

Holman (1930), using technique superior to 
Ursprung's, obtained similar results with inten- 
sities of incandescent light running up to about 
150,000 meter candles. He made experiments to 
test some of the reasons proposed for the cessa- 
tion of starch formation in strong light. The 
shadow of a 19-;* wire laid across an illuminated 
area was sufficient to permit starch formation, 
though solarization was complete on both sides 
of the wire. Holman concluded from this that 
heating and water-loss could be neglected as pos- 
sible causes of solarization. Intensely illuminated 
areas regularly showed a loss of greenness, and 
he suggested that chlorophyll destruction may 
have teen partly responsible for the disappearance 
of starch. Since no analyses of chlorophyll con- 
tent were made, it remains possible that the 
changes in greenness were due to changes in 
position or degree of expansion of the plasti<k. 
riastids are known to contract and move to less 
exposed positions in strong light (Senn, 1908). 

Without good evidence, Ursprung and others 
have suggested that the accumulation of products 
of photosynthesis (oxygen, starch, or st^rs) 
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might bring on solariEation. Hoiman argued that 
if this were true an increase in carbon dioxide 
concentration, by increasing the rate of photosyn- 
thesis at the beginning of exi^osure, should hasten 
solarization. Consequently he raised the carbon 
dioxide concentration from 0.015% to 0.6% in 
air. Far from hastening solarization, this greatly 
delayed it, or prevented its appearance altogether. 
Unfortunately he made no attempts to show 
whether or not the 0.6% carbon dioxide caused 
an increase in photosynthesis, though in all pro- 
bability it did so. Holman published no meas- 
urements of rate of photosynthesis in connection 
with starch formation and was more conservative 
than Ursprung in relating this process to photo- 
synthesis. 

(3.) The third group of experiments relating 
to this subject are those in which actual rates of 
photosynthesis were measured in different inten- 
sities of light. It is necessary to consider these 
experiments in more detail, because it will be 
shown that technique may play a large part in 
producing misleading results. It will be helpful 
to discuss experiments on submerged water 
plants and on the leaves of terrestrial plants 
separately, because in the latter case gas exchange 
.is regulated by diffusion through the variable 
stomata, and in the former case it takes place 
freely through the plant or cell surfaces. In both 
cases, experiments may be cited where no injury 
has I)een observed at high light intensities, and 
others where the rate of photosynthesis has been 
observed to fall during exposure to strong light. 
Hie writer will attempt to show that the con- 
stancy or inconstancy of the rate may reasonably 
be attrilmted to the adequacy or inadequacy of 
the carbon dioxide provision, and then the tests 
of this hypothesis by experiments on Chlorella 
will be described. 

A decrease in rate of assimilation by leaves ex- 
posed to intense light was reported by Willstatter 
and Stoll { 1918). Analyses before and after ex- 
posure showed that there was no measurable 
decrease in chlorofiliyll content, even after pro- 
longed maximal phofosynthetic activity e. g., 
cherry laurel leaves exposed for 22 hours). They 
attributed the observed decrease in rate solely to 
accumulation of products of photosynthesis, with- 
out considering the possibility of a carton dioxide 
shortage due to partial closure of the stomata. Not 
much is known atout the behavior of stomata 
after long exposure to intense light. Hie experi- 
mental conditions used by Willstatter and StoU 
were calculated to reduce the possible influence 
of stomatal aperture to a minimum, but the effec- 
tiveness of their measures was not tested, and 
Stilfelt has shown that at least in some plants, 
the stomatal aperture is subject to continual 
change (1929). Johansson (1929) and Johans- 


son and Stilfelt (1928) have shown that in ordi- 
nary air the rate of photosynthesis is subject to 
relatively small changes in stomatal aperture. 
Willstatter and Stoll used 5% carbon dioxide, a 
concentration much higher than that in air, and 
small changes in stomatal aperture might be ex- 
pected to be less significant. Johansson^s conclu- 
sion was that under constant conditions in ordi- 
nary air, fluctuations in rate of assimilation were 
directly traceable to variations in stomatal aper- 
ture, and it is not unreasonable to suppose that 
in spite of the high carbon dioxide concentration 
used by Willstatter and Stoll the stomata may 
still have played a part. 

Montfort and Neydel (1928) sought to show 
that fluctuations similar to those found by Jolian- 
sson appeared also in the fronds of the fern Tri- 
choimnes, which dues not have stomata. Their 
experiments were carried out under water, and 
as Johansson has pointed out, their rather primi- 
tive technique does not seem to have established 
the adequacy of their carton dioxide supply. 

Many investigators have tried to avoid the dis- 
turbing effects of stomata by exjierimenting on 
aquatic algae or submerged water plants. Both 
Harder (1930) and Arnold (1931) have found a 
declining rate of photosynthesis under supposedly 
constant external conditions, when their material 
was exposed to strong light. Harder measured 
rates of assimilation by Winkler oxygen titra- 
tions, Arnold by the bubble counting method sup- 
plemented by micro gas analysis. During ex- 
posure to light, the material was at rest in the 
suspending fluid, which was not constantly cir- 
culated. Harder says that in his experiments the 
fluid was mixed from time to time, but he records 
no experiments to show that his procedure pro- 
vided the assimilating cells with carbon dioxide at 
a rate unlimited by diffusion, and considering 
the low initial concentration, the risk of limita- 
tion by diffusion is great, especially at higher 
light intensities. 

Arnold explains that uncirculated water was 
e.ssential in his liuhble counting experiments, in 
order to establish the necessary ‘'oxygen mantle'’. 
He believes that the carbon dioxide supply was 
adequate because he used bicarbonate solutions. 
This is an improvement over Harder’s technique, 
but again no experiments are recorded to show 
that the procedure was adequate. Arnold tries 
to justify it by citing the work of James (1928), 
who found that rates of assimilation in standing 
bicarbonate solutions were equal to rates obtained 
in flowing solutions containing onl}' dissolved 
carbon dioxide. Due to peculiarities of his tech- 
nique James could not run his bicarbonate experi- 
ments longer than a few minutes, and they are 
consequently not comparable with Arnold’s, 
which lasted for hours. Romell (1926), in an 
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excellent discussion of the availability of carbon 
dioxide under various conditions^ shows that al- 
though a plant in bicarbonate is better provided 
with carbon dioxide than if the only source of 
supply is dissolved gas, nevertheless after the first 
few moments the rate of assimilation in standing 
fluid may become limited by diffusion even in 
highly carbonated waters. From the character of 
James' results, it seems evident that the duration 
of his experiments was short enough so that the 
rates obtained in carbonate mixtures were not in- 
fluenced by diffusion. The same cannot be said 
of Arnold's experiments, and Romell's discussion 
makes it clear that no measurements of rate of 
assimilation in standing fluid can be depended 
upon to be uninfluenced by external diffusion of 
carbon dioxide, unless it is clearly shown, as in 
the case of James's experiments, that such diffu- 
sion is not a factor. 

Bukatsch (1935) made experiments on water 
plants closely similar to those of Harder and 
Arnold, except that his vessels were attached to 
a rotating wheel during exposure to light. He 
records no experiments to show that the mixing 
achieved in this way was adequate to eliminate 
diffusion of carbon dioxide, but his curves do not 
show the decline in rate found by Arnold and 
Harder, and the initial rise is of relatively short 
duration. Certainly if diffusion played a part in 
his experiments it was smaller than in those of 
Arnold and Harder. 

Considering the experiments so far discussed, 
and other similar ones of which no mention has 
been made, the writer would stale the case as 
follows : Green plants exposed to strong light may 
show a loss of chlorophyll and a disai)pearance 
of starch. Frequently there is a measurable de- 
crease in rate of carbon dioxide assimilation. 
This may take place without apjmrent loss of 
chlorophyll. There are no recorded cases where 
depression of assimilation has been quantita- 
tively connected with loss of chlorophyll, but it 
is conceivable that photo-oxidative destruction 
of chlorophyll might be responsible for reduced 
photosynthesis in strong light. It also appears 
possible that inadequate carbon dioxide provision 
may sometimes be responsible for the fall in rate. 

The experiments with CItlorella now to be des- 
criljed will make possible a more coherent state- 
ment than the above. The culturing of the cells 
and the manometric measurements of rate of 
photosynthesis were carried out as described by 
Warburg ( 1928) with minor modifications intro- 
duced by the writer (1929). During the rate 
measurements, the cell suspensions are shaken at 
a rate which has l>een found by experiment to 
provide carbon dioxide and oxygen exchange un- 
limited by diffusion. Never in the cour.se of 
hundreds of experiments has the writer found a 


decline in rate attributable to high light intern^ 
ties, though this effect has often been looked fori 
and light intensities up to about 100,000 meter 
candles have been used. However, the measure** 
meats can be made in IS minutes. The writer 
published in 1929 a record of an experiment 
showing constancy of rate for one hour (p. 61S)i 
but as far as he is aware no figures have hitherto 
been published for longer exposures. In the 
experiments to be described here, cell suspensions 
were exposed for 4 to 24 hours, either in closed 
vessels containing a high initial concentration of 
carbon dioxide, or in vessels so constructed that 
a stream of carbon dioxide in air could be passed 
over the suspension continuously during exposure 
to light. Illumination was provided by a row of 
l(X)-watt internally frosted incandescent lamps 
spaced 7 cm. apart on centers and located 8 cm. 
below the bottoms of the vessels containing the 
cell suspensions. Making the simplifying as- 
sumption tliat each bulb is a point source of light, 
and taking the manufacturer's figure of 120 can- 
dle power per bulb, the intensity at the vessel is 
estimated at approximately 45,000 meter candles. 
This corresponds to the intensity of moderate 
sunlight, and is about 14 times as great as the 
intensity at which the cells are cultured. 

In Table I are collected the results of four ex- 
periments in which cell su.spensions were exposed 
to light for about four hours. The rates of assi- 
milation at the teginning and end of exposure 
are given in the last two columns, in cmm. oxy- 
gen per hour per cmm. cells initially filled into 
the vessels. The cells suspended in culture med- 
ium grow during the experiments, and it is not 
surprising that the rate of assimilation is some- 
what higher at the end than at the beginning of 
exposure. The cells suspended in phosphate do 
not grow during the experiments, but the rate of 
assimilation will not stay constant indefinitely in 
this medium, as shown by the second horizontal 
row of figures. The 25 percent decline in rate is 
the result of injury by the phosphate solution, and 
not by the exposure to light, as is made clear by 
figures for cells suspended in culture medium. 
Efforts to find a medium lacking essential ele- 
ments for growth which would support a constant 
rate of photosynthesis for many hours have been 
unsuccessful. For this reason in the remaining 
experiments phosphate was used as a suspending 
fluid only when the exposure times were short 
enough so that there was no appreciable fall in 
rate, as in the 1st horizontal row of figures iyi 
Table I, and for longer exposures, culture med- 
ium was used. The extent of increase due to 
growth is always shown by a control vessel. 

To test the effect of standing fluid as a terrier 
to carbon dioxide provision for assimilating cells, 
two equal portions of cell suspension were ex- 
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SuspeaiBiiff 

ffltad 

Method of 
carbem dioxide 

Carbon 

Volume of 
cells used 
for rate 
measurement 

Rate of Assimilation 

provisioB 
during exposure 

dioxide 

cone. 

At beginning 
of exposure 

At end 
of exposure 

M/2S 

KHjPO, 

* Vessel closed 
with high initial 
concentration 

VoU per cent 

6.7 

omm, 

2.2 

cmm» Og 

18.6 

cmm. 0^ 

19.4 



4.5 

6.5 

23.6 

17.5 

Culture 

Medium 

Gas mixture 

6.7 

6.5 

24.1 

25.4 

passeu iiirougn 
vessel 

continuously 

6.7 

10.0 

29.7 

38.5 


Constancy of rate of photosynthesis at beginning and end of four-hour period of expostire to 
strong light. Hates are given in cmm. oxygen per hour per cmm. cells initially filled into vessels. 
Temp. 20 degrees C. 

* The amount of carbon dioxide used during the exposure was about one half the amount initially 
present, so that the concentration never fell below the satiirating level. 


posed to strong light for four hours, in vessels 
through which a stream of air containing carbon 
dioxide was passed continuously during the ex- 
posure. The gas stream passed over the surface 
of the cell suspension, and was not bubbled 
through the fluid. One vessel was shaken in the 
usual way during the exposure, while the other 
remained unshaken, clamped in position at the 
same distance from the light source as the shaken 
vessel. The rate of photosynthesis was measured 
before and after exposure, both vessels being 
shaken in the usual way with a carbon dioxide 
concentration of 6.7 percent in air. This concen- 
tration, which is well above saturation, was also 
passed through the vessel which was shaken 
during exposure. The mixture passing through 
the unshaken vessel during exposure was 0.5 per- 
cent carbon dioxide in air. This is also alnwe 
saturation when adequate shaking is provided. 


The results of this experiment are shown in 
Table II, where the rates of assimilation before 
and after exposure are given for the shaken and 
the unshaken su.spension. 

When proper carbon dioxide provision is re- 
stored to cells which have been in stagnant fluid 
for four hours, the rate of assimilation has fallen 
to about 65% of the initial rate, and about 50% 
of the rate of the control after exposure. 

It might be objected that the carbon dioxide 
concentration passed through the unshaken vessel 
during exposure (0.5 percent) was much lower 
than in the control (6.7 percent), and that the 
shaken vessel might also have shown injury, had 
it been exposed with 0.5 percent carbon dioxide. 
An experiment showed that this was not the case. 
For a cell suspension shaken during exposure, the 
final rate of assimilation is the same whether 0.5 
or 6.7 percent carbon dioxide has been used dur- 


TABLE II 


Treatment of 

Cone, of carbon 
dioxide in gas 

Initial 

Rate of Assimilation 

vessel during 
exposure 

stream peussing 
through vessel 
during exposure 

volume 
of cells 

Before 

exposure 

After 4 hr. 
exposure 

Shaken 

continuously 

Vol. per cent 

6.7 

omm. 

10 

omm. Oj, 

29.7 

cmm. 0^ 

38.5 

At rest 

0.5 

10 

29.1 

20.7 


vessebi. 
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ing the exposure. For technical reasons, and be- 
cause of limited ec[uipment, it was not possible to 
carry out the entire experiment in 0.5 percent 
carbon dioxide. This concentration was selected 
for the unshaken vessel because it was known to 
give adequate carbon dioxide provision for 
shaken suspensions, and at the same time ap- 
proached more nearly the conditions used for 
example in Harder*s experiments, where standing 
fluid initially in equilibrium with ordinary air was 
the medium used to provide carbon dioxide for 
assimilating material. We know from other 
manometric experiments not reported here that 
even for shaken cell suspensions, a current of or- 
dinary air does not give adequate carbon dioxide 
provision. The figures in Table II show that if 
we use standing fluid, as was done by Harder, 
and introduce the improvement of a stream of 
gas containing a much higher carbon dioxide con- 
centration than ordinary air, there is nevertheless 
a considei-able injury to the assimilatory mechan- 
ism, revealed when proper shaking is restored, 
and photosynthesis is compared with cells ex- 
posed to light under conditions known to give 
adequate carbon dioxide provision 
That the injurious effect shown in Talile II 
was due to shortage of carbon dioxide rather than 
to other effects of stagnation was shown by 


shaking samples of cells in the light without ptth 
viding any carbon dioxide. Table III shows the 
results of two such experiments^ the first with 
cdls susijended in pliosphate, the second with cells 
in culture medium. Alkali was used in the in- 
sets of vessels where no carbon dioxide was pro- 
vided, to absorb the carbon dioxide initially pres- 
ent in the air, as well as any that might be lib- 
erated in respiration. 

Two controls were used for the experiment ih 
phosphate, one with carbon dioxide and exposed 
to the light, the other without carbon dioxide, but 
kept in darkness during the exposure time. The 
first horizontal row in Table III is for the control 
with carbon dioxide in light, the second row, 
marked Dark in the column of carbon dioxide 
concentrations, is for the control without carbon 
dioxide in the dark. The third row shows the 
experiment, with cells exposed to light in the 
absence of carbon dioxide. These cells show a 
reduction in assimilation of about 50 percent as 
a result of the exposure. The two controls show 
conclusively that the injury is due to the combined 
effect of illumination and carbon dioxide starva- 
tion. As explained in connection with Table I, 
cells suspended in phosphate and exposed to light 
in the presence of carbon dioxide show a decrease 


TABLE III 


Bxpt. Suspending 

No. fluid 

Initial 

cell 

volume 

Duration 

of 

exposure 

Method of 
carbon dioxide 
provision 
during 
exposure 

Carbon 

dioxide 

cone. 

during 

exposure 

Rate of Assimilation 

At 

beginning 
of exposure 

At end 
of 

exposure 

1 M/2S KHsPO, 

emm. 

3.5 

hour* 

5 

Vessel 
closed at 
high 
initial 
concentra- 
tion 

Vol. per cent 

6.7 

cmm. 0^ 

cmm. 0^ 

27.4 





Dark 

^ 33.8 






0 


35.6 





0 J 


14.7 

Culture 

2 Medium 

10 

16 

Gas stream 
passed 
through 
vessel 

continuous- 

«y 

6.7 

► 30.9 

68.5 





0 J 


9.6 


The influence of strong light in the absence of carbon dioxide. Temp, 20 degrees C. Hates of 
assimilation were measured in 6.7 percent carbon dioxide, and are given in emm, oxva*^ ner hour 
per cmm. of cells initially filled into vessels. * ^ 
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in rate due to lack of essential nutrient salts. It 
is interesting to note that the deleterious action of 
the phosphate medium does not appear in the dark 
control. 

Ejqieriment No. 2 in Table III is a similar one 
carried out in culture medium instead of phos- 
phate, and exposed for sixteen hours instead of 
five. No dark control was used here. During 
the sixteen-hour exposure, the control cells in the 
light with carbon dioxide more than doubled their 
rate of photosynthesis, while in the experiment 
without carbon dioxide, the same exposure to 
light caused about a 70 percent decrease in assi- 
milation. 

Attempts to determine the nature of the injury 
resulting from exposure to light in the absence 
of carbon dioxide have given only negative re- 
sults. Some of these seem of sufficient interest to 
merit mention here. 

The ejrtent of injury by light in the absence of 
carbon dioxide is the same in air as in commer- 
cial nitrogen (oxygen content about 1 percent). 
Even in oxygen-free nitrogen, the cells would 
presumably not be entirely deprived of oxygen, 
since we must suppose that the carbon dioxide set 
free in respiration is immediately reduced l)y the 
photosynthetic mechanism. But under the condi- 
tions of these experiments, the respiration of 


ChloreUa is considerably inhibited by commercial 
nitrogen. If the injury to the photosynthetic 
mechanism is oxidative, then it is clear that only 
very small amounts of oxygen are involved. In 
the experiments in air without carbon dioxide, no 
measurable quantities of oxygen were used during 
the light exposure. 

Reduction of the temperature from 20 to 10 
degrees C. does not alter the onset of injury in 
any obvious way. 

Comparisons have been made of the extent of 
the injury in diflFerent colors of light, in an effort 
to show whether chlorophyll acts as a sensitizer 
for the effect. 

Cells deprived of carlxin dioxide were exposed 
to ordinary incandescent light as usual, and to the 
same light filtered through Corning “Traffic Red” 
glass HR 245, transmitting up to about 620 m^i, 
and Coming “Sextant Green” glass No. 401, 
transmitting from about 580 to 4^ m/t. The red 
glass transmits light strongly absorbed by chloro- 
phyll, and permits maximum photosynthesis when 
used in conjunction with lOO-watt incandescent 
lamps. The green glass, transmitting light which 
is hardly absorbed by chlorophyll, gives under the 
same conditions no measurable photosynthesis 
above the compensation point. Nevertheless, in- 
jury to the assimilatory capacity of the cells is 


TABLE IV 


Expt. Suspending 

No. fluid 

IniUal 

Duration 

Gas space 

Lighting 

Rate of Assimilation 

cell 

volume 

of 

exposure 

during 

exposure 

during 

exposure 

Before 

exposure 

After 

exposure 


cmm. 

houra 



cmm, Oj 

cmm, Oj 




6.7% CO 2 



21.9 

1 M/2S KH 2 PO 4 

1.9 

3V2 

Air without 
CO 2 

Full 

incan- 

descent 

No 

determin- 

ation 

11.2 









Nitrogen 

without 

CO 2 

light 

made 

11.6 




6.791 CO 2 

Full ^ 

incan- | 

descent 
light 

1 60.2 

2 Culture 

Medium 




41.3 

16.7 

60 

6 

Air — 

without 

CO 2 

Red 

glass 

► 

17.8 





green 
glass ^ 

23.3 


to show the effects of nitrogen and of different colors of light upon the depression 
in a—imnatiAH resulting from exposure to light in the absence of carbon dioxide. Temp. 20 degrees 
C. Rate measurements made in 6.7 per cent carbmi dioxide, and expressed as cmm. oxygen per hour 
per cmm. of cells initially filled into vessels. 
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nearly as great in the green as in the red light. 
This makes it appear unlikely that chlorophyll 
acts as a photosensitizer in producing the injury. 
Table IV shows some of the results obtained in 
different colors of light, and in nitrogen as com- 
pared to air. 

When the assimilatory rate for normal cells in 
high and low light intensity was compared with 
the rate for cells injured by lack of carbon di- 
oxide, it was found that both kinds of cells show- 
ed the same relative changes in assimilation with 
light intensity. Consequently it cannot be said 
that the injury influences either the Blackman or 
the photochemical reaction specifically. 

Noack (1925) suggested, partly as a result of 
his studies on the chlorophyll-sensitized photo- 
oxidation of benzidine, that when green plant 
cells are deprived of carbon dioxide as an accep- 
tor lor the radiant energy absorbed by chloro- 
phyll, then the pigment itself will be photo-oxi- 
dized. His efforts to demonstrate this on living 
material were unsuccessful, and appear to have 
been without quantitative determinations of either 
chlorophyll or rate of assimilation, but he never- 
theless stated that the decline in assimilation ob- 
served in strong light was attributable in part to 
photo-oxidation of the chlorophyll. This hy- 
pothesis was tested for Chlorella by making 
chlorophyll determinations on samples of cells 
before and after exposures to light in the 
absence of carbon dioxide, the exposure times 
chosen being sufficient to reduce the rate of assi- 
milation forty percent or more. A decrease in 
chlorophyll content equivalent to or even a])- 
proaching the fall in rate of assimilation was 
never found. After exposures of less than 6 
hours there was no measurable change in chloro- 


phyll content whatever. After very long ex-* 
posures, when the rate of assimilation had fallen 
to about 30% of the initial rate, the chlorophyll 
content had only fallen to about 80% of the ini- 
tial value. Table V shows some figures for 
chlorophyll content before and after a 16-hour 
exposure to light with and without carbon di- 
oxide. During exposure, the cells were suspend^ 
ed in culture medium, and it is interesting to note 
that there was no change in the volume of the 
cells deprived of carbon dioxide during exposure, 
while those provided with carbon dioxide nearly 
trebled in volume. In neither case was there any 
change in chlorophyll content sufficient to ac- 
count for the observed changes in rate of 
assimilation, which are shown in Experiment 
2 of Table III. The cells which increased 
in volume more than doubled their assimilation, 
in spite of the fact that there was no accompany- 
ing change in chlorophyll content. The cells de- 
prived of carl)on dioxide, and showing no change 
in volume, lost only about 20% of their chloro- 
phyll, but 70% of their assimilatory caj>acity. It 
may be that distributing a given amount of 
chlorophyll among a larger volume of cells m- 
proveo its effectiveness, though it is also possible, 
and perhaps more likely, that the increase<l assi- 
milation is due to increased capacity for the 
Blackman reaction. 

It might appear that the fall of 20 percent in 
the chlorophyll content of the cells exposed to 
light without carbon dioxide should lend some 
support to Noack’s theory that injury to assimila- 
tion under these conditions is due to photo-oxicla- 
tion of the chlorophyll. However, the writer is 
not of this opinion because, as mentioned above, 
experiments with four instead of sixteen hours* 


TABLE V 


Treatment of 
sample before 
extraction 

Initial 
volume of 
cells in sample 

Volume of 
cells at time 

Chlorophyll in mols x 10** 

of extraction 

per emm, cells 

total for sample 

Extracted 

without 

exposure 

omm. 

10 

omm, 

10 

1.44 

14.4 

Exposed to 
light with 
CO2 

10 

28 

0 .S 2 

14.7 

Exposed to 
light with- 

10 

10 

1.21 

12.1 

out CO 2 






Changes In cell volume and chlorophyll content of cells exposed to light for 16 hours in culture 
medium with and without carbon dioxide. Figures for the assimilation rates of these oeUs are 
shown in Experiment 2, Table nx. 
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exposure showed a decrease of nearly 50 percent 
in assimilation, and no measurable change in 
chlorophyll content whatever. It may be men- 
tioned that Mevius (1935), experimenting with 
the behavior of the pigment of leaves in the 
absence of carbon dioxide, also failed to confirm 
Noack's belief in the photo-oxidation of chloro- 
phyll under these conditions. 

Summary and Discussion 
Perhaps it should not be said tliat the rate of 
photosynthesis in Chlorella is ever truly constant, 
although evidently for periods of one to four 
hours it shows only minor changes. Over longer 
periods of time there appears a definitely measur- 
able increase in rate if the cells are suspended in 
culture medium. I'he increase in assimilation is 
accompanied by a roughly corresponding increase 
in cell volume. If the cells are suspended in 
phosphate solution, or some other medium lacking 
elements essential for growth, there is no increase 
in cell volume, and a decline in rate of assimila- 
tion is evident. This decline may be present 
from the start, but during the first few hours it 
is usually so small as to escape detection with our 
methods of measurement. It is certainly not 
brought on solely by the high light intensity to 
which the cells are exposed, because no depression 
of assimilation occurs if cells are exposed to the 
same conditions in culture medium. Beaiing in 
mind these limitations, then, we may sa}* that the 
rate of photosynthesis in Chlorella is, for all 
practical purposes, constant under constant exter- 
nal conditions. A light intensity 14 times as 
great as that to which the cells are accustomed 
causes no injurious effects provided the carbon 
dioxide supply remains adequate. 

If the supply of carbon dioxide is shut off, either 
by removing it from the gas space with alkali or 
by allowing cell suspensions to stand unshaken in 
the strong light, injury to the assimilatory 
mechanism results. This injury is not necessari- 
ly accompanied by any loss of chlorophyll what- 
ever. It seems to he independent of oxygen 
partial pressure, at least down to the concentration 
in commercial nitrogen (about 1 percent). The 
evidence at hand so far indicates that chloro- 
phyll is not the photosensitizer for the injury. 

The writer suggests that it is not improbable 
that the frequently observed decline in assimila- 
tory capacity during exposure to strong light may 
be due to inadequate provision of carbon dioxide, 
rather than to the complexes of internal factors 
which have been proposed to explain the reported 
inconstancies in rate under supposedly constant 
external conditions. It has already been pointed 
out that in those cases where a declining rate has 
been found, the adequacy of the carbon dioxide 
provision is at least questionable. Where the ex- 


perimental technique has been such tliat good 
provision of carbon dioxide would be expected, 
no marked decline in rate of assimilation has been 
found. The situation seems pretty clear in the 
case of water plants, where a want of circulation 
can play a decisive part. For leaves, where the 
gas exchange is regulated by stomata, it is more 
difficult to judge whether in the various cases the 
provision of carbon dioxide has been adequate, 
but the avilable evidence suggests tliat partial 
closure of the stomata may often have so ob- 
structed the entry of carbon dioxide into the 
intercellular spaces that the cells or plastids more 
distant from the source of supply may have suf- 
fered the same sort of injury as has been demon- 
strated for Chlorella. Miss Schoder (1932), in 
discussing the influence of external conditions on 
the diurnal course of assimilation in leaves, 
mentions some cases where the rate declined with- 
out accompanying related changes in external 
factors, and notes that when the temperature and 
light intensity were unusually high, and photo- 
synthesis fell lielow the compensation point, the 
stomata were observed to be nearly closed. She 
interprets the injury as due to heating, as a re- 
sult of reduced transpiration. But we have Hol- 
man’s evidence, already described, that solariza- 
tion may take place independent of any heat effect 
and also his finding that solarization could be 
greatly delayed or prevented entirely by raising 
the carlx)n dioxide concentration. Admittedly 
the connection between solarization and depressed 
assimilation may be only indirect, but Holman’s 
result is just what we should expect if the pro- 
posed interpretation is true. 


REFERENCES 

Arnold, A., Planta, 18, 529-574, 1931. 

Bukatsch, P., Johrb. wissensch., Bot., 81, 419-447, 
1936. 

Emerson, R., J. Gen. Physiol., 12, 609-622, 1929. 
Ewart, A. J.. Ann. Bot., 12, 363-397, 1898. 

Harder, R., Planta, 11, 263-293, 1930. 

Holman, R., “On Solarization of Leaves”, Unlv. of 
California Publications in Botany, Vol 16, No. 
4. 139-151, 1930. 

Johansson, N., Jahrb. wissensch. Bot., 71, 154-160, 
1929. 

Johansson, N., and St&lfelt, M. O., “Die Stomathre 
Beeinflusstmg der KohlenskureassimUation der 
Fichte”, S&rtryck Ur SkogshSgskolans Festsk- 
rtft, 1928. 

Svenska Skogsv&rdsfdreningens F5rlag. 

Mevius, W., Jahrb. wissensch. Bot., 81, 327-380, 1935. 
Montfort, C., and Neydel, K., Jahrb. wiss. Bot., 68, 
801-843, 1928. 

Noack, K., Z. Bot. 17, 481-548, 1925, 

Pringsheim, N., Jahrb. wissensch. Bot, 12, 288-437, 
1879-1881. 

RomeU, L.-G.,‘ Flora, 121, 125-156, 1926. 

Schoder, A., Jahrb. wissensch. Bot, 76, 441-484, 
1982. 

Senn, Gustav, “Die Gestalta-und Lageverhnderung 



RdBEILT lEH&ltSON 


136 

der Pflanzenchromatophoren'*. Eagelmaim, Iiei- 
pzig, 1008. 

StAlfelt, M. G., Planta, S, 287-840, 1929 
Ur^rungt A., Bcr. bat. Ges., 85, 44-69, 1917. 
Warburg, O., ‘‘Gber die Katalsrtlschen Wlrkungen 
der Lebendlgen Subatana'*. Julius Springer, Ber- 
lin, 1928. 

WUlstfitter, R., and Stoll, A., ‘‘Untersuchungen iiber 
die Assimilation der Koblens&ure'', Julius 
Springer, Berlin, 1918. 

Discussion 

Dr, van Niel : In order to establish the func- 
tion of chlorophyll in solarization, exi>eriments 
would be necessary in which such intensities of 
light of various wavelengths are used tliat com- 
parable quantities of energy are absorbed. Then 
the results produced by these on the cells in the 
absence of CO 2 can be compared directly. 

Dr, Emerson : Ves, such experiments are 
necessary before we can say with certainty 
whether chlorophyll is the sensitizer involved in 
the injury. The experiments with red and green 
light reported here can only be taken as an indi- 
cation. 

Dr, Arnold : With the exception of the meth- 
od of causing the injury, these effects parallel the 
results with ultraviolet radiation. 

Dr, Emerson : Nevertheless I think the char- 
acter of the injury may prove to be different in 
the two cases. 

Dr, Harris: What is the basis upon which 
you make your choice in favor of enzymatic 
changes rather than changes in the effectiveness 
of the chlorophyll ? 

Dr, Emerson : We are dealing here with cells 
whose assimilatory mecliamsm is light-saturated. 
This is interpreted to mean that the rate is limited 
by the dark chemical processes rather than by the 
photochemical reaction. If the chlorophyll sys- 
tem, which we suppose determines the capacity 
for the photochemical reaction, is light-saturated 
both before and after the growth of the exposed 
cells, and contains in each case the same total 
amount of chlorophyll, then we can say with fair 
certainty that the caj^city for absorbing light can- 
not be limiting in either case, and by inference, 
the injury must be to other parts of the mechan- 
ism than the photochemical reaction. It could be 
objected that the effectiveness of the chlorophyll 
system may not depend exclusively on the total 
chlorophyll content. This may be so, but the 
capacity for light absorption must be supposed to 
depend directly on the amount of chlorophyll 
present. 

Dr, Inman: In your definition of solarization 
injury, does the retardation of photosynthesis 
take into account the possible injury to respim- 
tion? 


Dr, Emerson: Injury to respiration was not 
considered. Respiration corrections, though not 
used in this work, would not alter the essential 
character of any of the results. They constitute 
a negligible fraction of photosynthesis in these 
experiments. 

Dr, Inman : It seems to me that high light in- 
tensity that is 20 to 30 times the intensity at 
which the plant normally grows might injure 
respiratory processes. Have you measured res- 
piration after exposure to such intense light? 

Dr, Emerson: We have many times. High 
light intensities have never given any indication 
of large changes in the subsequent dark respira- 
tion. 

Dr. Imnan: Chlorella cells do not usually 
show uniform chlorophyll content, do they? 

Dr, Emerson: In thin homogeneous cultures, 
the cells look pretty uniform under the micro- 
scope. 

Dr, Inman : How much do thc> vary in diam- 
eter ? 

Dr, Emerson: Probably from about 3 to 5 f*. 

Mr, Lineweaver: The dejiendence of the in- 
jury on absence of CO 2 is, of course, comparable 
to the instability of certain enzymes (invertase, 
proteinases, and others) in the absence of their 
substrates. 

An attack on the suggestion that the Blackman 
factor lias been injured would seem possible by 
the use of flashing light. The Blackman reaction 
has been interpreted as the enzymic decomposi- 
tion of the product of the light reaction If the 
relative rates in continuous light reflect the 1 da- 
tive amounts of Blackman enzyme, after the ex- 
posure one should by this interpretation observe 
about a 10 fold difference in the dark lime re- 
quired to give half maximum yield. 

Dr. Emerson: This would be another way of 
testing for injury to the Blackman reaction. 

Dr, Mestre: 1 think you should get a certain 
simplification of the experiment if you started 
with cells already adapted to intense illumination. 

Dr, Emerson : C)ne would gain by using cells 
whose chlorophyll content would not change dur- 
ing the experiment, but one would still have the 
high rate of growth with which to contend. 

Dr, Brackett : We conducted experiments, im- 
perfect in form, in which plants were grown with 
and without infrared but approximately equal 
visible intensity. Plants grown with infrared 
radiation showed marked increase in wet weight 
and decrease in dry weight. I am wondering to 
what extent prt of the growth observed in your 
experiments is merely increase in water content. 

Dr, Emerson: Dry weight detenminations 
have not yet been made with these cells, butrit is 
likely that such rapid growth is due largely to 
water intake. 
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Dr. Rothmund: I would like to know the 
temperature at which the chlorophyll in the living 
plant is damaged. 

Dr, Mestre: The temperature at which de- 
struction takes place will of course vary in dif- 
ferent plants. Typically, if the internal tempera- 
ture of the chromatophore remains at 55® C. for 
5 minutes, there would be irreversible changes in 
the chlorophyll system demonstrable sjjectro- 
graphically. The same spectral changes can be 
demonstrated at 50®, but the reaction is slower, 
as the process follows the Arrhenius equation, 
with a temperature characteristic of 80 to 100 
thousand. 

Mr, Lineweaver: Would that damage dej)end 
on the carbon dioxide concentration? 

Dr. Mestre: That I cannot answer. In these 
experiments the leaves or pieces of algae were 
dipped into a thermostated water hath for definite 
periods of time, immediately cooled, and the ab- 
soq)tion spectrum determined. 

Mr, Linetvcaver: If C Morelia cells, in the 
presence of optimum light intensity, were exjX)sed 
to some other injurious factor that depends on 
time (e.g., tempemture, pH, etc.) would the in- 
jury to the photosynthetic activity depend on the 
presence or absence of COs? 

Dr. Emerson : Ex|:)eriments of this kind with 
other methods of injury liave not been made. 

Dr. Mestre: Were any delermimitions made 
of the absorption spectrum of the cells after ex- 
posure to light? 

Dr. Emerson : No, no such determinations 
have been made. 

Dr, Mestre : The reason I ask is because there 
might be changes in the condition of the pigments 
which would render them nonfunctional for the 
assimilation process, without producing any de- 


tectable change in the extracted pigments. This 
will be further discussed in my paper on the pho- 
tosyiithetic system of the chromatophore. 

Dr, Zscheile : Is it possible that, during injury 
in solarization, inactivation of an enzyme of the 
photosynthetic system might occur as a reaction 
photosensitized by chlorophyll? In the presence 
of COo, the energy absorbed by chlorophyll would 
be partially utilized in photosynthesis. In the ab- 
sence of CO 2 , perhaps some of this energy would 
be used in promoting inactivation of an enzyme 
factor. At higher light intensities, this inactiva- 
tion would be more rapid. It would necessar- 
ily be a very inefficient photosensitized reaction, 
on the basis of the entire visible radiation ab- 
sorbed. 

Dr, Emerson: If you assume that the green 
light absorbed by chlorophyll, though of small 
energy content compared to the red which is ab- 
.sorbed, is much more effective than the red in 
promoting inactivation, then chlorophyll may still 
be the photosensitizer for the inactivation. 

Dr, Giese: Early in the paper you remarked 
that the bleaching of leaves by light was due to 
the heating effects of absorbed light. Yet a boiled 
leaf remains green. How do you explain the ap- 
parent discrepancy? 

Dr, Emerson : I should conclude from this 
that light as well as heat plays a part in the in- 
jury. 

Dr, Kohn: Where within the photosynthetic 
mechanisin would you place the sensitive locus de- 
fined by your experiments? 

Dr. Emerson : The results obtained so far do 
not seem to me to warrant any positive .statement 
concerning the part of the assimilatory mechan- 
ism which is injured. 
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PHOTOSYNTHESIS OF BACTERIA 

C. B. VAN Niel 


Part L Photosynthesis as an Oxidation- 
Reduction Process 

1. Introduction. 

The first evidence for the existence of photo- 
synthetically active bacteria was published in 1883 
when Engelmal^n^^^ as a result of physiological 
studies with certain red-colored bacteria, ex- 
pressed the view that these organisms were cap- 
able of carrying out photosynthesis. Engelmann 
was struck by the fact that these bacteria accum- 
ulated in the spectrum in such a manner as to 
coincide exactly with their absorption spectrum. 

Since that time three widely different views 
concerning the metabolism of these ''purple bac- 
teria” have been postulated, and for each one 
experimental evidence was adduced. 

A. Engelmann's idea of photosynthetic activ- 
ity was supported by the phototactic behavior of 
the organisms, and also by later experiments 
which showed that no development occurs except 
in the presence of light. 

Against this hypothesis was the fact tliat no 
one has ever succeeded in demonstrating lieyond 
a doubt the production of oxygen during illumi- 
nation. Engelmann's seemingly positive lesults 
of 1888^*^ have been refuted by later work in 
which a more sensitive, as well as more conclu- 
sive, method gave absolutely negative results. 
(Molisch^®^ Muller^^^ Inman^®^). Another 
strong argument against photosynthetic activity 
was the necessity of hydrogen sulphide or or- 
ganic matter. 

B. The necessity of hydrogen sulphide was 
used as an argument for the second hypothesis, 
which has maintained itself by the side of the 
previous one. This was advanced in 1887 by 
Wlnogradsky<®^ who had discovered the exis- 
tence of bacteria capable of development in the 
dark with carbon dioxide as the only carbon 
source. The first example of such organisms 
were the (colorless) sulphur bacteria which oxi- 

1 Engelmann, Th. W., Arch. ges. PhyMol., 80, 90, 

1883. 

2 Engelmann, Th. W., Arch. ges. Physiol., 42, 183, 

1888; Bot. 2tg. 46, 661, 1888; Arch. Neerland., 
28, 151. 1888. 

» Molisch, H., Die Puipurbakterien nach neuen Un- 
tersuchungen, Jena, 1907. 

4 van Niel, C. B., und Muller, F. M., Rec. trav. bot. 
nto-l.. 28, 245, 1931; Muller, F. M., Arch. Mik- 
robiol., 4, 131, 1933. 

6 Inman, O. L., Personal communication, 1933. 

« Winogradsky, S., Bot. Ztg., 46, 489, 1887; Beltrage 
zur Morphologic und Physiologie der Bakterien. 
Heft. L Zur Morphologle und Physiologie der 
Schwefelbakterien, Iieipaig, 1888. 


dize hydrogen sulphide and sulphur in the dark 
to sulphuric acid. They not only maintain them- 
selves on the energy derived from this oxidation, 
but are also capable of reducing carbon dioxide 
in the dark at the expense of this energy (chemo- 
synthesis). This same conversion of t|ydTogcn 
sulphide and sulphur to sulphuric acid was also 
observed with the purple bacteria, and thus the 
idea tliat these organisms would be chemosyn- 
thetic was advanced. 

Undoubtedly the fact that HgS seemed an es- 
sential factor for development was a strong argu- 
ment in favor of this theory. Yet, it did not ex- 
plain why light was also necessary. Another 
weak point was the decidedly anaerobic character 
of the organisms, because oxygen would be nec- 
essary for the oxidation of H2S to H8SO4. 

C. In 1907 Molisch*®^ brought forward evi- 
dence to show that H^S is not necessary, but that 
growth takes place only in the presence of organic 
matter. Actually pure cultures of purple bacteria 
were olitained which could be grown as ordinary 
saprophytes in the dark with organic substances. 

Molisch s work has later led to a subdivision of 
the purple bacteria into two groups, the Thio- 
rhodaceae, comprising those organisms which de- 
velop in a mineral medium in the presence of 
H2S, and the Athiorhodaceae, which require or- 
ganic substances. Although the occurrence of a 
pigment system containing red and green pig- 
ments is characteristic of both groups, a close 
ph}siological relationship was deemed impnibable 
by later workers. 

2. Photosynthesis of green and purple sulphur 
bacteria. 

These three hypotheses have existed side by 
side until 1929. Quantitative studies, carried out 
with a number of pure cultures, then made pos- 
sible a synthesis of these divergent viewpoints 

The experimental results of these studies can 
be summarized as follows: 

1. There exist bacteria which can develop in en- 

tirely inorganic media containing HaS, in 
the complete absence of oxygen, but only 
in the light. 

2. No development of these organisms takes 

place if H2S is omitted. 

3. In media containing a sufficient quantity of 

NaHCOa, ammonia-N, K, P, and Mg the 
amount of development is strictly propior- 
tional to the quantity of H2S present. 

t van Niel, C. B., in Contrib. to Marine Biology, 
Stanford Univ. Preea, 161, 1930. 
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4. No development takes place in the absence 

of COa (carbonate, bicarbonate). 

5 . Oxygen is not produced. 

6. I>uring the development of these organisms 

HaS becomes converted into S (green bac- 
teria) or into H2SO4 (Thiorhodaceae). 

7. The reaction of the medium becomes more 

and more alkaline due to disappearance of 
COjj. 

8. Chemical analyses show that there exists a 

stoichiometrical relationship between the 
quantity of HaS oxidized and the amount 
of CO2 which has disappeared, to wit : for 
one molecule of HaS oxidized to S, 0.5 
molecule of CO2 disappears (green bac- 
teria) ; for 1 mol, of HaS oxidized to 
HaSOi almost 2 mol. of CO2 ( 1 . 8 ) dis- 
appear. 

9 . The carbon of the COa which has disap- 

peared can be recovered as organic carbon 
in the form of bacterial substance. 

10 . In the dark, in the absence of oxygen, no 

development takes place; H^S is not con- 
verted into S or H2SO4, and there is no 
disappearance of CO2. 

The biological conversion of CO2 into organic 
matter dependent upon illumination is fihotosyn- 
thesis. Inasmuch as this conversion is carried 
out by the green and purple sulphur bacteria we 
must, therefore, consider these organisms photo- 
synthetic. 

On the other hand, a study of the photosyn- 
thetic activity as disj)la}ed by the green ])lants 
has revealed that fundamentally this process can 
be expressed by the equation 

light 

CO2 + H2O ► (CH2O) + O2 

The absence of any evidence of 02-production 
by the bacteria thus seems a considerable ob- 
stacle to the acceptance of such a process in these 
organisms. Yet, if one compares the metabolism 
of the green bacteria — and also the early stages 
of the metabolism of the Thiorhodaceae in H2S 
containing media, during which there is a rapid 
disappearance of H2S while the cells store up ele- 
mentary sulphur — with photosynthesis of the 
green plants, the relationship at once becomes 
more clear. For the quantitative connection be- 
tween the participants in the metabolism of the 
bacteria can be expressed by the equation: 

COa + 2 HaS > bacteria + 2 S 

This equation is a first approximation and implies 
a composition of the bacteria corresponding to 
that of a carbohydrate. But then one might also 
write this equation as follows : 


CO2 + 2H2S — ► (CH2O) + H2O + 2 S. 

In doing so the above-mentioned relation can be 
paraphrased in the following terms; whereas in 
the green-plant-photosynthesis HgO, interacting 
with CO2, gives rise to Oa-production, the bac- 
terial photosynthesis, starting with HaS instead 
of H2O, leads to S. 

It is well known that in 1913 H. Wieland be- 
gan to bring forth evidence in favor of the view- 
point that the mechanism of respiration processes 
can ultimately be reduced to a dehydrogenation 
of the substrate^®^ In 1925 this idea was ex- 
tended by Kluyver and Donker to cover all meta- 
bolic processes The most general form in 
which a metabolic process might then be ex- 
pressed is 

H2A + B A -f H2B. 

On the basis of this hypothesis the two types of 
photosynthetic reactions can then be regarded as 
special representatives of a generalized photosyn- 
thetic process : 

light 

CO2 + 2H2A ► CII2O + H2O + 2 A 

The experimental evidence so far presented in 
connection with the metalx)Iism of the green and 
purple sulphur bacteria fits in with this formula- 
tion which implies that for different photosynthe- 
tically active organisms different hydrogen donors 
for the final reduction of CO2 may be required. 

This formulation also shows at least the pos- 
sibility of the occurrence of photosynthetic prc»- 
cesses in which the hydrogen donor H2A is 
neither H2O nor HgS. 

A number of such possibilities have been veri- 
fied. I mention here e.g. photosynthesis of the 
Thiorhodaceae in the presence of Na 2 S 08 , 
Na2S208, elementary sulphur and with mol- 
ecular hydrogen Furthermore, it has been 
possible to make these bacteria develop in media 
containing simple organic substances instead of 
sulphur compounds. Also in this case it seemed 
possible to explain their metabolism as some sort 
of photosynthesis (or photochemical C 02 -reduc- 
tion) in which the organic substance serves as 
H-donor. This, I am aware, seems far-fetched; 

8 Cf., e.g., Wieland, H., On the mechanism of oxida- 
tion, Yale Univ. Press, 1932. 

» Kluyver, A. J., und Donker, H. J. L., Chem. SZSelle 
Gewebe, 18, 184, 1926; Kluyver, A. J., Chemical 
Activities of Microorganisms, London XJniv. 
Press, 1931. 

10 van Niel, C. B., Arch. Mikrobiol., 8, 1, 1931. 
iiHoelofaen, P. A., Proc. Kon. Akad. v. Wetensch. 
Amsterdam, 87, 660, 1934. Also: 

On photosynthesis of the Thiorhodaceae, Thesis, 
Utrecht. 1985. 
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a prion it appear^ rather improbable that an or- 
ganism wliich has organic compounds at its dis- 
posal would build up its cell-constituents from 
CO2! 

Yet, if we scrutinize tlie available evidence 
there is much which speaks in favor of this con- 
cept. Muller^^^^ was the first to bring together 
quantitative data rdating to this problem. Work- 
ing with a standard mineral medium to which 
one single organic substance had been added, and 
analyzing media prepared in this way, after 
development of the cultures, he could dem- 
onstrate : 

1 . that a variety of simple organic substances, 
such as fatty, hydroxy-, keto-, and dibasic, acids 
will allow^ of a development of the bacteria in the 
complete absence of O2, but in the light ; 

2 . that at the conclusion of the experiment no 
organic matter was left in solution in the medium, 
while the carbon originally present in the added 
substrate could be recovered as cell-substances 
(and CO2) ; 

3 . that in some cases, and notably with the 
higher fatty acids, development was dependent 
upon the presence of CO2 in the medium. 
In these cases the C 02 -content of the medium 
decreased, and the total organic carbon in the 
bacteria exceeded the total carbon in the added 
organic substance by a quantity practically equal 
to the carbon of the disappeared CO2. 

First of all, the last-mentioned fact — ^the 
formation of cell-substance from CO2 — shows 
conclusively that photosynthesis had taken place. 
This same phenomenon has later been studied by 
GafFron^^*^ who, on the basis of measurements 
with the Barcroft-Warburg technique, reached 
the conclusion that the Thiorhodaceae are unable 
to carry out photosynthesis with organic sub- 
strates* According to Gaffron the observed facts 
must be considered as the resultant of two pro- 
cesses. In the first the organic substance is con- 
verted into CO2 with a concomittant reduction of 
sulphate to sulphide. This process is independent 
of radiant energy, and therefore takes place in 
the dark as well as in the light. In the second 
process the sulphide and CO2 are then photo- 
synthetically converted into bacterial substance 
and sulphate. 

Although attractive in attributing the ultimate 
result to the same fundamental process which the 
Thiorhodaceae exhibit in H2S-containing media, 
this explanation has been shown to be erroneous 
(Roelofsen, ( 11 ) ), Gaffron did not use pure 
cultures ; his cultures contained sulphate reducing 
bacteria beside the Thiorhodaceae. After isolat- 
ing the purple bacterium from Gaffron’s cultures 

12 MuUer, F. M., Arch. Mikrohiol. 4, 131, 1933. 
iSQaffron, H., Biochem. Z. 999, 447, 1934. 


in a pure state, Roelofsen could prove that: 

1 . neither in the dark nor in the light does this 
organism reduce sulphates, and that: 

2 . in a medium in which sulphate is entirdy 
absent organic substances may still be utilized^ 
Hence we must still face the situation as a com- 
plete conversion of organic substances of vari- 
ous sorts into cell substance and CO^p or of 
organic substances and CO2 into ceil substance, 
without the intervention of H2S. 

Since the monumental work of Harden, of 
Neuberg, and of Kluyvcr and their collaborators 
it has become obvious that the most divergent 
metabolic processes can be resolved into a more 
or less long series of simple and chemically in- 
telligible step reactions. Kluyver^^*^ has pointed 
out on the basis of much experimental evidence 
that this concept may be applied not only to the 
so-called katabolic, or breakdown, processes, but 
also to the anabolic, synthetic reactions. 

Obviously, this would mean that also the cells 
of the purple bacteria are built up gradually, as 
a result of simple step reactions, and that the 
reactions leading to this final result are funda- 
mentally the same in various media, no matter 
what the initial raw material may be. In that 
case one must needs be able to find a common 
denominator in all those systems from which the 
purple bacteria arc able to build up their cell 
constituents. 

Now, considering e. g. the series of fatty acids 
with straight or branched chains, we find that 
HCOOH, CH3COOH, CHaCH^COOn, CHs- 
(CH2)2C00H, (CHa)2CHCOOH, CH 3 (CH 2 )«- 
COOH etc., are all converted into l)acterial cells, 
and for the members from propionic acid on 
with the uptake of CO2. If it is further borne 
in mind that the same conversions unquestionably 
also take place in the systems CC)2+n2S, and 
CO2 + H2, then it becomes increasingly evident 
that the common fundamental reaction for the 
inorganic systems, i. e. the photochemical reduc- 
tion of CO2 takes place as well in those with the 
organic compounds. And, inasmuch as the only 
end-product of any consequence in the conver- 
sions of simple organic substances — ^besides bac- 
terial cells — is CO2, one is led to the conclusion 
that just as H2S or 112 are dehydrogenated 
(oxidized) completely, the hydrogen being trans- 
ferred to CO2, so are the organic substances com- 
pletely dehydrogenated (to CO2 and H2O) with 
CO2 as the only acceptor. 

This formulation docs not, of course* imply 
that during the breakdown of these organic com- 
pounds there may not be formed intermediate 
products which can serve immediately as raw 

uiauyver, A. J., Arch. Mikrobiol., 1, m, 1930. 



PHOtOSVNTRBSIS OF BaCTBHXA 


141 


material far some of the anabolic reactions. It 
also does not exclude the possibility that CO2 is 
not the only H-acceptor. After all, the organisms 
contain substances of a more or less highly re- 
duced nature {such as the pigments). Although 
the mode of fonnation of such substances is still 
completely ununderstood, it is quite obvious that 
the hydrogen necessary for these reductions must 
come from somewhere. Thus it is entirely rea- 
sonable to suppose that some of the dehydrogena- 
tions during the oxidation of inorganic and 
organic substances may take place with some ac- 
ceptor other tlian CO2. 

But the result of these studies has shown that 
the fundamental photosynthetic process occurring 
in cultures of Thiorhodaceae in organic media is 
again one of the general type 

liirht 

CO2 + 2H2A ► (CH2O) + H2O + 2 A 

in which H^A, the H-donor, is now represented 
by simple organic substances. 

3. Photosynthesis of the Athiorhodaceae, 

The members of this group share with those 
of the Thiorhodaceae the occurrence in their cells 
of a pigment complex consisting of green and red 
pigments which are at least quite similar for 
both groups. Moreover, the Athiorhodaceae 
respond to light in the same way as do the sul- 
phur purple bacteria. This holds good not only 
with respect to their phototactic behavior, but 
also to their ability to develop in the complete 
absence of oxygen only when illuminated. 

This leads to the question whether one may 
consider the nietal>olism of these organisms as 
essentially similar to that of the Thiorhodaceae. 
It is true that investigators after Molisch have 
drawn a shari> line of demarcation between the 
two groups on account of the fact that the Athi- 
orhodaceae develop only in the presence of 
organic matter. But may this not mean that these 
bacteria can use only organic H -donors for the 
photosynthetic reaction ? 

It is especially to (jaffron^^®^ that we owe a 
considerable amount of information concerning 
the metabolism of the Athiorhodaceae. This in- 
vestigator has shown that, in the absence of oxy- 
gen, they assimilate carbon dioxide during illu- 
mination in the presence of fatty acids. Yet 
oxygen is not produced, and the amount of CO2 
assimilated is strictly proi>ortional to the quantity 
of fatty acid present. 

This follows also from growth experiments 
with pure cultures. Such experiments^^®^ have 

tfiOaffron, H., Biochem. 25. 260, 1. 1933 ; 275, 301. 

1935 . 

ts Unpublished results. 


established that a variety of simple organic sub- 
stances are completely conveited into cell ma- 
terial and CO2, whereas other organic substances 
can only be so converted with the simultaneous 
uptake of CO2. With compounds of the latter 
group one can demonstrate that the quantity of 
organic substrate utilized, and also the cell-yield, 
is directly proportional to the amount of CO2 
present in the culture medium as long as there 
is no excess of CO2. 

In Gaffron’s publications one finds conclusive 
evidence for the statement tliat the amount of 
CO2 assimilated together with one molecule of 
the fatty acids increases regularly with the length 
of the carbon chain. Although there exist some 
discrepancies between the values olrtaii:ied in dif- 
ferent experiments with one and the same sub- 
stance, and also some minor irregularities, the 
main trend of these figures is clear, as shown in 
the following table 1 and in figure 1 . 



FIGURE I. 

Carbon dioxide assimmilatlon by Athiorhodaceae 
with fatty acids. Plotted after data by Gaffron. 

^ Normal acids. 

A Iso-acids. 

['] Other isomeres. 

Ordinates; Molecules of COj. absorbed per mole- 
cule of fatty acid. 

Abscissae: Number of carbon atoms per molecule 
of fatty acid. 

Gaffron’s data ( 3 rd column, table 1 ) were ob- 
tained with the Warburg technique. 

The figures in the last column are obtained 
directly from Gaffron’s figures by subtracting the 
quantity of CO2 absorbed from the gas-phase but 
remaining in solution as NallCOa. 

These data allow one to calculate the quantity 
of CO2 assimilated per CH2 group, and it is clear 
that this value is approximately 0.4 molecules. 

In addition, Gaffron has shown that representa- 
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Table I* 

Carbon dioxide assimilation with fatty acids by Athiorhodaceae* 
(After (Saffron, 1933-1935) 



No. of 

CO, \iptake In mols 

Substance 

c. 

atonui 

Total per 
mol. 

Anrimilated 
per nud. 

Acetic acid 

2 

(0.7S)-0.89 

0.25-0.11 

Propionic acid 

3 

1.29-1.42 

0.29-0.42 

n.-Butyric acid 

4 

1.30-1.43 

0.30-0.43 

i.- Butyric add 

4 

1.61 

0.61 

n.- Valeric acid 

5 

1.62 - 1.90 

0.62-0.90 

i.-Butyric acid 

S 

1.83 

0.83 

Methyl-ethyl-acetic acid 

5 

1.68-1.91 

0.68-0.91 

n.-Caproic acid 

6 

1.90 - 2.34 . 

0.90-1.34 

i.-Caproic acid 

6 

2.10-2.30 

1.10-1.20 

Hq>tylic acid 

7 

2.03-2.54 

1.03-1.54 

Caprylic acid 

8 

2.69-2.96 

1.69-1.96 

Nonylic acid 

9 

2.90-3.90 

1.90-2.90 


tives of the Athiorhodaceae are also capable of 
assimilating CC )2 in the presence of molecular 
hydrogen. In this reaction approximately 2 
molecules of Hs are absorbed together with 1 
molecule of CO 2 . And, finally, it appears that, 
in the presence of organic substances and CO2, 
H 2 S can be used by these organisms in a photo- 
synthetic process in which CO 2 is utilized. With 
pure cultures of Athiorhodaceae which had been 
“adapted** to grow in organic media containing 
H 2 S, I have observed an oxidation of HnS to 
elementary sulphur, in which per 2 molecules of 
H 2 S oxidized approximately 0.5 mol. of CO 2 
was converted into bacterial cells (16). Gaffron's 
figures for CO 2 uptake make it seem probable 
that in his experiment the H 2 S was completely 
oxidized to H2SO4 with a simultaneous uptake of 
2 molecules of CO2 per molecule of H2S. How- 
ever, since the results were obtained with dif- 
ferent organisms and under different conditions, 
and especially since Gaffron did not use pure 
cultures it is as yet impossible to explain these 
apparent discrepancies. 

This much is certain, that physiologically there 
exists so great a similarity between the behavior 
of the Athio- and the Thiorhodaceae in the light, 
but in the absence of oxygen, that a more detail- 
ed discussion of the results obtained with the 
former can be omitted. The considerations which 
led to the conclusion that even with organic 
substrates the photosynthetic process of the Thio- 


rhodaceae consists of a reduction of 0)2 with 
hydrogen, derived from the organic molecule 
which acts as H -donor, apply also here. 

The preceding discussion thus has shown that 
the concept of photosynthesis as a typical oxi- 
dation-reduction reaction of the general type: 

light 

CO 2 + 2 H 2 A > (CH 2 O) + H 2 O + 2A 

furnishes a satisfactory explanation for the 
metabolism of the green and purple sulphur 
bacteria and of the Athiorhodaceae. These 
organisms must be considered as photosynthetic, 
requiring, however, unusual H-donors for the 
photochemical reduction of carbon dioxide. 

Part II. Comparative Biocfiemistry of 
Photosynthesis 

i. The mechanisfn of photochemical carbon 
dioxide reduction 

If one tries to understand the meaning of the 
generalized equation for photosynthesis it be- 
comes clear that all those mechanisms proposed 
for the photosynthetic reaction which imply the 
formation of a carbonic acid-chlorophyll complex 
which is subsequently transformed into a form- 
aldehyde peroxide are not quite in accordance 
with the formulation of photosynthesis as an oxi- 
dation-reduction process. Such schemes fail to 
give a satisfactory explanation for the photo- 
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iqmtfeetic process carried out by the green and 
purple bacteria (See also (4) ). 

Prom a unified point of view, as laid down in 
the generalized equation, green plant photosyn- 
thesis should be considered as a reduction of COg 
with hydrogen obtained from H2O, and the oxy- 
gen produced during illumination as dehydro- 
genated HaO. 

In December, 1932, a paper appeared by 
Arthur Stoll in which the same idea was used 
in an attempt to elucidate the mechanism of green 
plant photosynthesis. In Stoll’s words: “The 
activated carbonic acid would be acceptor for the 
active hydrogen of the more highly hydrogenated 
forms of the chlorophyll molecules”. 

The dehydrogenated chlorophyll becomes re- 
duced again as the result of a photodecomposition 
of H2O, which is present in the form of a chloro- 
phyll hydrate. “Water thus bound up with 
chlorophyll can be decomposed, with the utiliza- 
tion of transformed radiant energy, into H and 
OH (HaOaj,” 

The so-called Blackman reaction then is respon- 
sible for the decomposition of H2O2, and Stoll 
concludes: “The oxygen evolved during photo- 
synthesis would, therefore, not originate from 
carbotiic acid, hut from decomposed water which, 
via the hydrated fonn of chlorophyll, furnishes 
the hydrogen for the carbon dioxide reduction 
with the formation of II2O2.” 

It is easy to see that these ideas — which are 
fundamentally similar to those expressed by e. g. 
Shibata and Yakushiji^'*\ WilLstatter^^®^ and 
Franck*^^^ — are in essence in agreement with the 
general formulation. 

n Stoll, A., Naturwissensch., 20, 955, X932. 
i8Shibata, K., and Yakushiji, E., Naturwissensch. 
21, 267, 1933; Yakusbiji, E., Acta Phytochim., 7, 
93, 1933. 

10 Willatlitter, E., Naturwissensch., 21, 252, 1933. 

30 Franck, J., Naturwissensch. 2S, 226, 1935. 


On the basis of the concept of photosynthesis 
as an oxidation-reduction process, it is obvious 
that the reduction of the carbon dioxide proceeds 
stepwise. All oxidation-reduction reactions so far 
known involve the transference of one, or at most 
two, H atoms at a time. Such a stepwise re- 
duction implies the formation of intermediate 
products; what these are, remains an open ques- 
tion. They may be radicals ( Willstatter-Haber) 
or more nearly actual chemied compounds. Stoll 
postulates formic acid as an intermediate pro- 
duct, and since its formation by direct hydrogena- 
tion of CO2 is so easily conceivable, the sug- 
gestion is a tempting one. However, conclusive 
evidence is completely lacking. 

Now the purple bacteria seem to offer a much 
more favorable object for an experimental attack 
on this question than do the green plants. It is 
clear that, if formic acid were an intermediate 
product in the gradual reduction of CO2, it must 
itself be able to act as an acceptor for hydrogen. 
However, the addition of formic acid to photo- 
synthetically active plants may easily result in an 
oxidation of this substance and thus it might 
serve as a secondary source of CO 2 , Since the 
purple bacteria do not produce any ox}gen it 
follows that the fate of formic acid added to such 
cultures can be followed up much more conclu- 
sively. 

I'he results of such experiments in which 
purple sulphur bacteria were grown in media 
containing H^S, NallCOs and IICOONa are pre- 
sented in table II. 

The conversion of H2S to H2S()4 involves the 
transference of 8 J I atoms per molecule. re(|uir- 
ing the reduction of 2 molecules of CC)2 or 4 
molecules of HCOC)Il to the carbohydrate stage. 
In the table the quantities of H2S oxidized to 
112804, and of CO2 and HCOOH disappeared 
have been expressed as milli-equivalents hydro- 
gen. 


Table II. 

Results of analyses of cultures of Thiorhodaceae in media containing 
HaS, NaHCOs and HCOONA. 


Expt. 

No. 

HjjS oxidized 
to HgSO^ in 
m, equiv. H 

COg disappeared 
in m. equiv. H 

A. 

HCCX)H disappeared 
in m. equiv. H 

B, 

A ^ B 

1 . 

4.08 

2.12 

1.76 

3.88 

2 . 

3.90 

1.92 

2.00 

3.92 

3 . 

6.S5 

4.33 

J.83 

6.26 

4 . 

6.30 

2.80 

3.15 

5.95 

5 . 

5.36 

-1.47 

7.10 

5.63 
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It is clear tliat the quantity of CO 2 disappeared 
in the first 4 experiments is much too small to 
account for the observed HaS 04 ‘*formation. Sup- 
plemented by the quantity of HCOOH disap- 
peared there is, however, a close agreement 
between the amount of H donated by the HaS 
and the amount taken up by the two acceptors 
together. Hence these experiments seem to prove 
that HCOOH can function, like CO 2 , as a true 
H-acceptor in purple bacteria photosynthesis. 

This would be a strong point in favor of the 
assumption that formic acid is an intermediate 
product in photosynthesis, were it not for the 
result of experiment no. 5. For in that case the 
quantity of HCOOH disappeared is greatly in 
excess of tliat which might be expected even if 
the formic acid had been the only acceptor. 
Moreover, this experiment shows an increase in 
CO 2 . Obviously the organic acid has here acted 
in accordance with the behavior of other organic 
substances in cultures of purple bacteria, namely 
as H-donor. Thus it follows that in none of 
these cultures may the '‘HCOOH disappeared” 
have been due to its action as H-acceptor, but as 
a secondary source of CO 2 , and even the inter- 
pretation of the results of the first 4 experi- 
ments in favor of the idea that the formic acid 
would have acted as an additional, competing 
H-acceptor is open to doubt. 

Also in connection with another important 
problem concerning intermediate products in 
photosynthesis the purple bacteria have so far 
not contributed any experimental evidence. I 
refer to the so-called "first product of photosyn- 
thesis” which by a majority of workers is sup- 
posed to be formaldehyde. 

One of the main arguments for the formation 
of this substance as an intermediate product is 
the fact that from a theoretical point of view it 
is the most easily conceivable reduction product 
of CO 2 from which complex carbohydrate — the 
first detectable product in green plant photosyn- 
thesis — can be formed. In addition to this, one 
might mention the remarkable constancy of the 
photosynthetic quotient, duly stressed by Will- 
statter and Stoll, although this observation by it- 
self signifies only that non-carbohydrate inter- 
mediate products never accumulate. 

Gaffron, in 1935, has emphasized the fact that in 
photosynthesis of the purple bacteria one almost 
never meets with simple stoichiometrical relation- 
ships and concludes: 

"It is, therefore, probable that photosynthesis 
of the purple bacteria involves the cooperation of 
a larger numl)er of molecules, and that several 
intermediate reactions occur before the first stal)le 
reaction products appear. If one assumes that 
two "Grundkorper” can be formed in variable 


ratio then this suffices to explain the variati<X2S 
in the assimilation-value.” 

This statement seems to contain an argument 
against a unified concept of photosynthesis in 
green plants and in purple bacteria. However, 
this is not necessarily so, because there are suffi- 
cient reasons why one cannot yet compare the 
results of such studies on the green plants with 
those on the purple bacteria. The chief cause 
for this is the enormous difference in the rate of 
growth. This implies that, while in studies of 
relatively short duration on the green plants one 
actually determines the formation of carbohy- 
drate from CO 2 , in such studies with the purple 
bacteria the detennined result is the conversion 
of constituents of the medium (CO 2 and H 2 A) 
into full grown bacteria. As long as the exact 
chemical constitution of this "product of CO 2 - 
assimilation" remains undetermined the measure- 
ments cannot be subjected to a detailed interpre- 
tation. This situation explains readily 

1 . that the relationship 2A/CO2 is not unity, 
because the final composition of the bacteria does 
not exactly correspond to carlx:)hydrate ; 

2. that this relationship is not constant, because 
it depends upon the difference in composition of 
the cell material at the end and at the beginning 
of the experiment. 

Although a number of kinetic studies on photo- 
synthesis by purple bacteria liave been made, 
these considerations show the futility of attempts 
to conclude from them which path photosynthesis 
takes. But even simple studies on the rate of 
photosynthesis with various H -donors have not 
always lieen interpreted correctly. 

Gaffron, for instance, presents data which lead 
him to the conclusion that photosynthesis with 
different substrates takes place by different 
mechanisms. Fig. 2 and 3, taken from his paper, 
show the changes in pressure due to photosyn- 
thesis of purple bacteria with pyruvate and lac- 
tate, in an atmosphere of nitrogen with 5% COa 
(Fig. 2), and in an atmosphere of hydrogen 
(Fig. 3) res{)ectively. 

The conclusion that in N 2 lactate is attacked 
more rapidly than pyruvate is not justified. For 
what is measured is the rate of CO 2 uptake by 
medium and bacteria, and this is not a direct 
measure of the rate of photosynthesis. The ex- 
periment in an atmosphere of Na does show con- 
clusively that a given numl>cr of molecules of 
pyruvic acid are photosynthesized in exactly 
the time necessary for photosynthesis of the same 
number of lactic acid molecules. This becomes 
readily understandable if we remember that, on 
the basis of the dehydrogenation theory of 
photosynthesis, pyruvic and lactic acid are both 
dehydrogenated with CO 2 as the final acceptor. 
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FIGURE n. 

Carbon dioxide absorption by Athiorhodaceae. 
Atmosphere of with 5 % CO^. From Gaffron. 

FIGURE ra 

Absorption of hydrogen by Athiorhodaceae in the 
presence of Na*lactate and Na-pyruvate. From 
Gaffron. 


Because the total quantity of H to he transferred 
from pyruvic acid in order to reach a certain in- 
termediate stage is also ^4 that to be transferred 
from lactic acid in order to reach the same stage, 
it appears that the rate of COg reduction is e(|ual 
in both cases. This may be expressed in the fol- 
lowing equations' 

rCsH^Oa CO2 + CHsCHO 

Pyruvic acid < cHsCO Call.O* + 

L (CHrtwhydr ) 


Lactic acid 


'CallflOs -» CjH^Os + aH 
, C3H4O8 CO* + CHsCHO 
CHsCO —* C aH.t )* -p Hs 

(<ttrbohydr ) 


These equations are liypothetical, but they serve 
to demonstrate the principle. 'Phey also show 
that in the case of lactic acid more CO2 will lie 
taken up by organisms + medium, and calcula- 
tions show that the quantities found by Gaffron 
agree very closely with the calculated amount. 

In H2 the situation seems reversed. But also 
this finds a ready explanation on the basis of the 
theory developed here. It is very probable that 
the first stage in the decomposition of pyruvate 
is a decarboxylation, leading to CO2 and 
CHsCHO. Thus, for the subsequent dehydro- 
genation of CHsCHO, CO2 is available as accep- 
tor. Since for this dehydrogenation only V2 
molecule of CO2 is needed, the remaining 
V2 molecule can now be used as acceptor for H 
derived from the molecular H2 the gas phase. 

On the other hand, the lactic acid will most 
likely first be dehydrogenated to pyruvic acid. 
For this dehydrogenation CO2 (or some other 


acceptor) is needed. But the experiment in this 
case is carried out in the absence of CO2. This 
explains the lag; for hydrogen uptake cannot 
proceed but in the presence of excess CO2. It 
is only after some time that sufficient extra CO2 
is obtained from the dehydrogenation of the lactic 
acid — due to the fact that the final composition of 
the bacteria corresponds to a higher reduction 
stage than carbohydrate — and only from that time 
on does H2-uptake start at a reasonable rate. 

Also Roelofsen ( 11 ^) has drawn erroneous 
conclusions concerning the rate of photosynthesis 
with different donors. Fig. 4 shows his results 
expressed a C02-uptake in media containing 
Na2SOa and HoS. He states: 
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FIGURE IV. 

Carbon dioxide absorption by Thiorhodaceae in 
the presence of Naj^SO^ and of NaHS. From Roel- 
ofsen. 


"The assimilation of CO2 with an excess 
Na 2 S 08 as an H-donator proceeded at a well 
measurable rate, though much slower than with 
H2S under the same conditions.” (p. 81 ). 

‘The CO2 assimilation with Na 2 S 208 pro- 
ceeds nearly as quick as that with Na2S08 under 
similar conditions.” (p. 81 ). 

"The assimilation with S as a donator was too 
slow to permit its study by the manometric meth- 
od. .. . Up to the present the remarkable differ- 
ence in oxidation velocity of H2S and S had es- 
caped notice.” (p. 79 - 80 ). 

As in the case of Gaffron, Roelofsen mistakes 
the rate of CO2 uptake by bacteria plus medium 
for the rate of photosynthesis. A recalculation 
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of his data shows, however, that the rate of COa 
reduction is exactly the same, no matter whether 
HaS or HaSOs is the H-donor. The ’‘assimila* 
tion velocity” with NaaSO^ is 370 cmm. per hour. 
In this case the reaction product is NaaS 04 : the 
medium does not become alkaline, hence the en- 
tire quantity of COj is used in photosynthesis. 
With sulphide (at a pH of about 8.5 ; nearly all 
the sulphide present as NaHS, with some NaaS !) 
the ''assimilation velocity” amounts to 1230 cmm. 
per hour. Here, however, only one mol. of CO 2 
is assimilated when 2 mols of NaHS are dehy- 
drogenated to S, while in the meantime the re- 
maining alkali binds, purely chemically, 2 more 
mols. of CO 2 . Consequently, one should find that 
per 4H transferred from NaaSOg only 1 mol. of 
CO 2 is taken up in total, whereas for the same 
quantity of H transferred from NaHS 3 mols 
are absorbed. The presence of some Na 2 S in the 
medium will increase this amount somewhat. The 
actual figures show a ratio of rate of CO 2 ab- 
sorption of 1230/370 = 3.3/1, in excellent agree- 
ment with the theory. 

That CO 2 assimilation with S cannot be meas- 
ured matiometrically as CO 2 uptake in an envi- 
ronment of 0.5% NaHCOa results from the pro- 
duction of H 2 SO 4 by dehydrogenation of the S. 
Thus per mol. of S, 6 H atoms are transferred, 
corresponding to a reduction of about 1.5 mols. 
of CO 2 . Simultaneously 2 mols. of CO 2 are lib- 
erated by the H 2 SO 4 from the bicarbonate con- 
taining liquid. The net result is, therefore, an 
increase in total pressure. 

Thus these various kinetic studies show at best 
that CO 2 reduction — not absorption by the (al- 
kaline) medium plus absorption by the bacteria — 
proceeds at the same rate with different H- 
donors. And, because in all these experiments 
the conversion of CO 2 into bacterial substance, 
and not into a first photosynthate, is determined, 
they cannot give any indications concerning such 
a first product. 

Gaffron in 1933 (15^) claims to have isolated 
what he considers to be a direct photosynthate of 
the formula (C 4 H 602 )u. Without expressing any 
doubt that a substance of this kind can be iso- 
lated from purple bacteria, it seems to me pre- 
mature to consider this as the first detectable, or 
even as an important, intermediate product of 
photosynthesis by the purple bacteria. The quan- 
tity obtained is very small and quite variable, not 
even varying with the conditions as would be 
expected. Thus it is stated that the quantity ob- 
tained from fresh cultures is ctmsiderably smaller 
than that isolated from old cultures. 

In 1935 Gaffron states (IS®, p. 318): ‘'The 
fact that substances like acetic acid and lactic acid 
are reduced in N 2 as well as in H 2 proves that 


the main assimilation product of thiC pwfit bic- 
teria must possess a hig^r H^ontent or a lower 
©‘Content than the carbohydrates/' This state- 
ment should be so understood that the “main as- 
similation product” ('‘Hauptassimilationsprod- 
ukt”) is equivalent to the final product, in other 
words : the entire bacterial cells. 

Thus, with regard to a concept of the mechan- 
ism of the photosynthetic conversion of various 
H-donors and CO 2 into bacterial cells, nothing 
stands in the way of the hypothesis that funda- 
mentally this conversion follows the same path as 
green plant photosynthesis. 

2 . The function of the pigments and the photo* 
chemical equivalents. 

The fact that photosynthesis requires the ab- 
sorption of radiant energy implies that the pig- 
ments responsible for this absorption must play 
an important role in this process. Hence an ex- 
planation of the photosynthetic reaction must 
needs involve an explanation of the function of 
these pigments. 

The existence of different types of photosyn- 
thesis carried out by different organisms then 
logically leads one to inquire in how far the es- 
sential common features of the various processes 
can be related to common characteristics of the 
organisms, and in how far the specific differ- 
ences can be correlated with differences in the 
causative agents. Such a comparison may aid in 
obtaining a deeper insight into the more intimate 
mechanism of photosynthesis. That in this re- 
spect a comparison of the various pigment com- 
plexes ranks first is self-evident. 

From the foregoing discussion it has appeared 
that the common feature of photosynthesis in 
green plants, green bacteria, and puq)le bacteria 
is the reduction of CO 2 with the uptake of radi- 
ant energy. The available experimental data also 
indicate that the green pigments, occurring in all 
three groups of organisms, are mainly, if not en- 
tirely, responsible for the conversion of radiant, 
into chemical, energy. Thus the assumption lies 
at hand that the photochemical C02-reduction is 
directly associated with the green pigments. 

But the different photosynthetically active or- 
ganisms require different H-donors for this re- 
duction. Outstanding in this respect are the 
green bacteria which can utilize only H 2 S as such. 
They are unable to develop either with the other 
inorganic sulphur compounds or with any one of 
the organic substances so readily utilizaWe by the 
purple bacteria. 

This indicates that the green bacteria cannot 
carry on photosynthesis except in the presence of 
an H-donor which contains the H in an active 
form. And it becomes clear that in the purple 
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t)acteria photosynthesis the hydrogen of the other 
donors must be activated. 

Correlated with this difference in available H- 
donors is the presence of red pigments in the 
purple hjjicteria, which are altogether lacking in 
the green bacteria. This led in 1931 (4) to the 
hypothesis that these red pigments might function 
in the activation of the hydrogen in the various 
donors, and thus play an important part in photo- 
synthesis. 

Such a cooperation of the red pigments might 
require another photochemical process, or pro- 
ceed in the dark. Experiments carried out in 
light at a wavelength greater than 6000A have 
shown that the conversion of H2S to H2SO4 with 
the simultaneous reduction of CO 2 proceeds un- 
altered. In addition, Gaffron has shown in 1934 
(13) that purple bacteria photosynthesize ac- 
tively with Na 2 S 208 in the infra-red region of 
the spectrum. These results indicate that a pho- 
tochemical cooperation of the red pigments is un- 
likely, Just how they might function in the ac- 
tivation of hydrogen of the donors in the dark 
could not he decided until more about the chemi- 
cal nature of these pigments was known. 

Meanwhile, another approach to the problem 
of the function of the pigments was possible. 
This implies a determination of the quantum effi- 
ciency of photosynthesis in different organisms. 
The fundamental investigations of Warburg and 
Negelein^*^^ liave shown that in the photochemi- 
cal reduction of CXh by Chlorella four quanta are 
absorbed per molecule of reduced C() 2 . This in- 
dicates the occurrence of four primary photo- 
chemical reactions in this process, and many at- 
tempts have l)een made to devise reaction-mech- 
anisms fulfilling this requirement. 

The necessity of the absorption of four quanta 
in green plant photosynthesis follows also from 
thermodynamical considerations. But the energy 
relations in purple bacteria photosynthesis are 
very different. In this process the increase in 
free energy is so much smaller that one quantum 
would fulfill the energetic requirements. Thus a 
determination of the number of quanta involved 
in the reduction of each molecule of CO 2 in pur- 
ple bacteria photosynthesis would indicate the 
number of primary photochemical reactions^^*^ 
Such determinations have recently been carried 
out by Roelofsen. Although the results are still 
of a somewhat preliminary nature they indicate 
that per molecule of CO 2 also here 4 quanta are 
absorbed, and show clearly that one quantum is 

St Warburg, O., and Negelein, E., Z. phys, cbem., 
106, 191., 1923. 

sSFor a more detailed dtacueelon of this problem 
eee Roelofmi, P. A.,Tliaals, Utredlit 1935. 


entirely insufficient although it would fulfill the 
thermodynamical requirements. 

This points to a very close similarity of the 
photochemical reactions of photosynthesis in the 
green plants and the purple bacteria. Further 
support for this similarity is furnished by recent 
investigations on the chemical nature of the green 
pigment of the purple bacteria^^^^ These studies 
have shown beyond a doubt that the “bacterio- 
chlorophyir’ is chemically closely related to chlor- 
ophyll. 

On the other hand, recent studies on the chem- 
ical nature of the red pigments of purple bacteria 
have shown conclusively that at least the one pig- 
ment isolated so far in sufficient quantity for 
chemical analysis differs markedly from the cor- 
responding pigments in the green plants 

This pigment belongs to the group of carote- 
noids but is characterized by a higher degree of 
unsaturation than any one of the representatives 
of this class so far known. 

All these facts make it seem probable that fur- 
ther work along these lines will lead to the ac- 
cumulation of data of considerable importance 
for the understanding of the intimate mechanism 
of photosynthesis. 

3, Outlook. 

If one summarizes the material discussed in 
the preceding pages one is led to the conclusion 
that there is sufficient reason for considering the 
photosynthetic processes of the green and purple 
bacteria as reactions very similar to those occur- 
ring in green plant photosynthesis. The existing 
differences in the availability of various H-donors 
point to a function of the associated red pig- 
ments, and it has been set forth that such a func- 
tion probably does not involve photochemical 
processes. 

The generalized equation for photosynthesis 
only indicates the ultimate fate of the reacting 
comixinents, and does not in any way imply a 
certain mechanism for the transference of H 
from the various possible Il-donors to the one 
final acceptor, the CO 2 . 

The absorption of four quanta for the reduc- 
tion of one molecule of CO 2 by green plant pho- 
tosynthesis, where H 2 O serves as the final H- 
donor strongly suggests the activation of four 
H 2 O molecules. This activation obviously would 
be brought about by the chlorophyll. 

22 Noack, K. imd Schneider, E., Naturwissensch. 21, 
835, 1938. Schneider. B., Z. physiol. Chem., 
226, 221, 1934. Fischer, H., und Hasehkamp, 
J., Ann. 615. 148, 1936. Caemo, G. R., and Mc- 
nwain, H., Chem. and Ihd., 54, 135, 1935. 

28 Carnegie Inst Washington, Yearbook 82, 134, 
1933. van Nlel, C. B. and Smith, J. H. C., Arch. 
MIkrohiol., In press. 
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That the same situatiOii apparently is met with 
in the purple bacteria indicates a similar reaction, 
the more so on account of the established similar- 
ity of chlorophyll and bacteriochlorophyll. 

But if the bactcriochlorophyll is capable of ac- 
tivating H in the H^O molecule, how then are 
we to understand the necessity of HaS, Ha, or 
organic substances as H-donors, and the complete 
lack of 02*production ? At first sight such a 
scheme would seem to imply that then also in the 
bacterial photosynthesis HaO would be the H- 
donor, O2 necessarily a product. 

If one gives further thought to this problem 
it appears possible to reconcile the facts with the 
hypothesis that in all cases of photosynthetic ac- 
tivity one of the reactions would be the activa- 
tion of HaO-hydrogen by the green pigment. 

The result of such an activation followed by 
transference of the activated H to CO2 would be 
a conversion of the chlorophyll (hydrate) into 
dehydro-chlorophyll (hydrate). However, in or- 
der to keep the process going a reduction of this 
dchydro-chlorophyll (hydrate) is necessary, and 
this reduction would be accomplished, in the case 
of the green and purple bacteria, with hydrogen 
derived from H2S, Hg, or organic substances. 

In that event the now familiar generalized 
equation of photosynthesis becomes the end re- 
sult of a series of reactions which might be ex- 
pressed as follows: 


decomposition of a substance of a peroxydic tiA* 
ture, and especially since the kat^ase positive 
purple bacteria do not produce oxygen, it seems 
more logical to suppose that the carotenoids are 
involved rather than the chlorophyll only. The 
main reason for this is that, as far as the present 
evidence goes, the chemical similarity between the 
green pigment in purple bacteria and green plants 
IS much greater than that between the red pig- 
ments. 

It will be clear that the hypothesis of a photo- 
deewnposition of chlorophyll (hydrate) as the 
only reaction requiring the supply of radiant 
energy does not invalidate the generalized reac- 
tion, but merely elaborates it. In all those cases 
where the reduction of the product of this photo- 
decomposition is brought about by some foreign 
H-donor, one must look upon this donor as the 
ultimate source of the hydrogen for CO2 reduc- 
tion. 

Yet this elaboration brings together many sali- 
ent facts which heretofore remained obscure. As 
such I may mention : 

1 . The necessity of radiant energy. 

If the purple bacteria could use the activated 
h}drogen from organic substances, H2, HaS, etc. 
directly for the reduction of CO2 the necessity of 
light would be hard to understand, unless it were 
supposed to be necessary for activation of the 
CO2. Yet the methane fermentation offers a 


a. 4 [Chlorophyll. H*/) -f- hr ► Chlorophyll. OH H] 

b, CO2 + 4H > (CH 2 O) + H 2 O 

r. 2 [2 Chlorophyll. OH + H 2 A 2 Chlorophyll. ihO + 2A] 
2 H 2 A -f 4 hr (CH 2 O) + H 2 O + 2A. 


Such a series of reactions offers the possibility 
for a number of different mechanisms for reac- 
tion c. The simplest case would be a direct re- 
duction of dehydro-chlorophyll (hydrate) by the 
substance H2A. It would seem that the green 
bacteria realize this case, for only the strongly 
reducing H2S is here capable of causing the pho- 
tosynthetic process to proceed. In the purple 
bacteria one would then be dealing with organ- 
isms having at their disposal a mechanism for 
the transference of H from various substances to 
the dehydrochlorophyll (hydrate), and the occur- 
rence of a red pigment of a highly unstable na- 
ture, lacking in the green bacteria, might offer the 
explanation for this mechanism. 

Whether in the green plants this reduction is 
accomplished with the participation of the caro- 
tenoid pigments cannot as yet be decided. Since 
here the ultimate dehydrogenation product Is O3 
it would imply the intermediate formation and 


clearcut example of CO 2 reduction in the absence 
of radiant energy. 

2 . The necessity of 4 quanta notwithstanding 
the thermodynamical possibility of photosynthe- 
sis in the puq>le bacteria with only one quantum, 
if the substance H2A could furnish the hydrogen 
for CO2 reduction without a more intricate me- 
chani.sm for transference. 

3 . The similarity of the green pigments in dif- 
ferent organisms. This precludes the possibility 
that activation of the hydrogen of the ultimate 
H-donor is brought about by a chlorophyll H2A 
complex, where H2A may be H2S or an organic 
substance. 

4 . The nature of the red pigments in the purple 
bacteria. This also docs not justify the assump- 
tion that they could form combinations with HaS 
or organic substances. 

5 . The well-known ability of various micro-or- 
ganisms to catalyze the transference of hydrogen 
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from H«S, and simple organic substances in 
the absence of a source of supply of radiant 
energy. 

Although the picture here developed is as yet 
far from complete, the possibilities of testing 
various phases by experimental methods is obvi- 
ous. This consideration has led me to include the 
remarks made in this last section. They are 
meant to serve as a working hypothesis which 
shows on the one hand the importance of a study 
of the photosynthetic activities of the green and 
purple bacteria for the general problem of photo- 
synthesis, and on the other hand open the way 
for devising simple and definite experiments 
which can bring us closer to an understanding of 
the intimate mechanism of this process. 

Discussion 

Dr. Burk: Did you mean to say that carbon 
dioxide was the only known acceptor of hydrogen 
which could be supplied externally? Might not 
other substances, such as nitrate, nitrite, fumar- 
ate, or methylene blue function as well? 

Dr. van Niel : Gaffron has shown that nitrate 
is reduced. I'here may Ije various other acceptors 
as well. 

Dr. Burk: In regard to different kinds of re- 
ducers, have any been found which are inorganic, 
and do not contain sulfur (apart, of course, from 
II 2 gas) ? 

Dr. van Niel : No experiments along this line 
have been rei)orted so far. But organisms which 
can carry out photosynthesis with inorganic re- 
ducing substances other than sulfur compounds 
may well exist. 

Dr. Burk: Do }ou mean other than sulfur 
bacteria, or do you mean these very organisms 
with which you are working use such compounds ? 

Dr. van Niel: This question cannot be an- 
swered until the experiments have been per- 
formed. A priori I see no reason why the green 
and purple bacteria would be the only photosyn- 
thetic bacteria. 

Dr. Burk : Is it conceivable that the inorganic 
compounds might be arranged in an oxidation- 
reduction series, and the various sulfur bacteria 
arranged in order of limiting potentials? 

Dr. van Niel : Certainly. 

Dr. Burk: You said the organisms were 
greatly more reduced than sugar. In the table 
you gave us, concerning the formic acid experi- 
ments, the combined ratio A and B in the last 
column indicated only a little more reduction, of 
the order of several percent. 

Dr, van Niel: The difference is actually of 
this order of magnitude. 

Dr. Burk: In the autotropic hydrogen bac- 
teria that reduce CO 2 in the dark the situation is 
just reversed, the organisms being about lOfo 


less reduced than sugar (J. phys. Chem., 35, 438, 
1931). 

Dr. Blum: I am interested in this from the 
evolutionary standfxiint which I think has been 
disregarded particular!) on the basis of energetics. 
It seems to me difficult to assume that the first 
photosynthesis, which may have been very differ- 
ent from any of these, involved a four quantum 
jump. 1 am interested in what van Niel says, 
that we have not exhausted the possibilities, 
because it seems to me that one might expect to 
find photosynthetic mechanisms involving more 
elementary steps, unless such organisms have al- 
ready jxiSwSed out of existence. 

Dr. Burk: I wonder if it is neces.sary to re- 
gard the processes discussed here as requiring a 
4 quantum jump. One might consider these re- 
actions as proceeding in 4 consecutive steps, each 
involving one quantum. It means that nature 
‘"decided” to go through the chemical step of re- 
ducing water, that it has done so from the start, 
and that in doing so it has thereby provided a 
mechanism whereby it can use one quantum at a 
time. 

Dr. Blum: I meant to include the possibility 
of four consecutive steps, each involving one 
quantum. This would lie difficult to conceive as 
occurring in one evolutionary step. 1 can not 
credit nature with so much foresight as Burk, 
but think she must have blundered into such a 
nice mechanism probably by way of several, not 
so convenient. 

Dr. Starkey: Have you been able to use for- 
mic acid exclusively in place of CC) 2 ? 

Dr. van Ntel: I have not tried that yet, lie- 
cause the experiments so far have been done un- 
der conditions requiring growth. In a medium 
containing IT^S and formate but no CO 2 growth, 
although definite, has been too scanty to allow of 
careful quantitative analysis. 

Dr. Starkey: The result of Gaffron that sul- 
phide seems to be oxidized to some extent by the 
Athiorhodaceae tends to show that these organ- 
isms are also facultative autotrophonts. 

Dr. van Niel: Yet it is impossible to raise 
Athiorhodaceae in completely inorganic media 
containing sulphide. 

Dr. Starkey: In the case of strictly non-pho- 
tosynthetic sulfur bacteria the oxidation of the 
sulfur compound is brought about with oxygen. 
May it not be that in the photosynihetic forms 
something is produced within the cell through 
photosynthesis which is highly oxidized, and with 
the aid of which the sulfur compounds are oxi- 
dized ? 

Dr. van Niel : I tried to suggest that possi- 
bility by reaction C. What the internal mechan- 
ism of this reaction actually is, remains as yet un- 
known. 
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Dr. Burk: Why put water m the first equa- 
tion of your scheme, and not just chlorophyll and 
dehydro-chlorophyll? The equation balances just 
as well without the HgO. 

Dr. van Niel: Because of the evidence pre- 
sented by Stoll for the existence of a chlorophyll 
hydrate, and on account of certain suggestive 
energetic considerations. 

Dr. Inman: What is the most efficient tem- 
perature for these organisms? 

Dr. van Niel : About 35® C. 

Dr. Inman ; Would it be your assumption that 
this type of photosynthesis came before the type 
we have in the green plant ^ The higher temper- 
ature optimum and the ability to use infrared 
light might suggest that puqile bacteria ante- 
dated the green plant as photosynthetic organ- 
isms. 


What nitrogen compound did you use in yostr 
media? 

Dr. van Niel: I have used ammonium salts. 

Dr. Burk: If you omit ammonia (or other 
nitrogen compounds) for a long time, do you get 
any photosynthesis? One would not exp^ any 
great difference but curious results of this type 
are sometimes obtained. 

Dr. van Niel: I don’t know. 

Dr. Inman : Did I understand you to say that 
any wavelength in the visible or near infrared 
was sufficient to promote photosynthesis? 

Dr. van Niel : No, I meant to say that infra- 
red light between 9200 and 7500 A. where these 
bacteria have three distinct absorption bands is 
effective. Further, that red light of a wavelength 
greater than 6000 A., ordinary incandescent light 
or sunlight can be used. 
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Reduction of Carbonic Acid and Formation of 

Formaldehyde in vitro from Carbonic Acid 

and Bicarbonates 

From the chemical point of view, the main re- 
action involved in the first stage of photosynthe- 
sis saems to be the reduction of carbonic acid to 
formaldehyde* 

HiiCOa = HaCO + O2 

Hence, to imitate the main chemical change in- 
volved in photosynthesis numerous chemists have 
attempted to reduce carbonic acid and bicarbon- 
ate solutions in vitro by different reducing agents, 
Thus Lieben^ (1895) and Ballo^ (18^) reduced 
carbonic acid to formic acid by the action of 
sodium and other amalgams, whilst Moissan 
(1902) obtained potassium formate by the reduc- 
tion of carbonic acid by the action of potassium 
hydride. Fenton* (1907) by the action of metal- 
lic magnesium on carbonic acid obtained formate 
as the chief product with traces of formaldehyde. 
On the other hand, Dhar and Atma Ram^ ( 1932 ) 
obtained considerable amounts of formaldehyde 
by the reduction of potassium bicarbonate solu- 
tions by powdered metallic magnesium without 
any trace of formate. This reaction also takes 
place with carbonic acid instead of bicarbonate. 
In place of metallic magnesium, cerium, tungsten 
and iron with carbonic acid liave been used with 
similar results. This reduction of carbonic acid 
to formaldehyde is accelerated by sunlight. The 
importance of tliis research lies in the facts that 
carbonic acid and bicarbonates are directly con- 
verted into formaldehyde, which appears to l>e 
also the chief product in the first stage of car- 
bon assimilation, and tliat the reaction is acceler- 
ated by light. 

Bredig and Carter® (1914) obtained formic 
acid by the reduction of carbon dioxide by hydro- 
gen under pressure in the presence of palladium 
used as a catalyst and some cartonates. Schaper* 
(1910) reduced carbon dioxide under pressure by 
ferrous oxalate. 

By the action of silent electric discharge on 
mixtures of carbon dioxide and water, formic 
acid and formaldehyde were detected along with 
other products. Fischer and Prziza^ (1914) ob- 
tained formic acid and traces of methyl alcohol 
by the electrolytic reduction of carbon dioxide 
under 1()-15 atmospheres. Coehn and collabora- 
tors® (1910) observed that dry carbon dioxide is 
decomposed by extreme ultraviolet light and 
Berthelot and Gaudechon® (1910) reported that 
when hydrogen and carbon dioxide ane exposed 
to light, formaldehyde and its condensation prod- 
ucts are formed. 


Reduction of carbonic acid in the presence of 
different catalysts has also been effected in the 
presence of light. Thus Usher and Priestley^® 
(1911) and Moore and Webster^^ (1913) ob- 
tained tmees of formaldehyde by exposing car- 
bonic acid and water in the presence of ferric and 
uranium salts, colloidal ferric hydroxide and 
some dyes, to ultraviolet and visible light. Stok- 
lasa and Zdobnicky^* (1911-1913) obtained for- 
maldehyde when carbon dioxide and hydrogen 
with potassium hydroxide were exposed to ultra- 
violet light. Dhar and SanyaP® (1925) obtained 
formaldehyde by exposing carbon dioxide to 
tropical sunlight when it is passed into beakers 
containing conductivity water. The formation 
of fonnaldehyde is facilitated by the presence of 
methyl orange, methylene blue, ferric chloride, 
uranyl salt, chromium salt, colloidal ferric hy- 
droxide, chlorophyll, etc. (jopala Rao and Dhar^^ 
(1931), and Atma Ram and Dhar^® 0932) ob- 
tained fonnaldehyde by passing carlx)n dioxide 
into solutions and suspensions of different sub- 
stances in water when exposed to tropical sun- 
light. Nickel carbonate, manganous chloride, 
and cobalt carbonate produce good results. 
Methylene blue and malachite green act as good 
photosensitisers in the formation of formaldehyde 
from carbon dioxide and water exposed to tropi- 
cal sunlight. 

It is interesting to note that in the presence of 
several fluorescent substances like rhodamine, 
fluorescein, cartharamine, safranine, etc., practi- 
cally no formaldehyde was synthesised photo- 
chemically from carbon dioxide and water, al- 
though the fluorescent substances were decolour- 
ised in the presence of sunlight. Moreover, for- 
maldehyde has also been obtained by exposing 
solutions of alkali bicarbonates with different 
photosensitisers. With nascent carbon dioxide 
obtained by the interaction of hydrochloric acid 
and carlxinate no coloured photosensitisers seem 
to be necessary for the formation of formalde- 
hyde in tropical sunlight. In all these cases, the 
yield of fonnaldehyde was much greater than 
the limit of sensitiveness of the tests employed. 
In view of this fact and the careful blank experi- 
ments always carried on side by side, there is 
hardly any doubt that formaldehyde is actually 
obtained from carixin dioxide and water in tropi- 
cal sunlight. Moreover, by exposing solutions of 
potassium bicarbonate alone and with freshly pre- 
pared carbonates of zinc, magnesium and iron 
(ferrous) in sealed glass bulbs appreciable 
amounts of formaldehyde were obtained. 

These researches of Dhar and collaborators 
have been confirmed by similar observations of 
Mezzadroli and his colleagues. Thus Mezzadroli 
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and Gardano'® (1927) have obtained formalde- 
hyde and small amounts of sugar, by exposing 
solutions of bicarbonates of different metals to 
ultraviolet light. Ammonium bicarbonate pro- 
duces a better yield of fonnaldehyde than the 
alkali bicarbonates, but the greatest yield of for- 
maldehyde is obtained from calcium bicarl)onate. 
The amount of formaldehyde generated rises to 
a maximum and then gradually decreases owing 
to its oxidation and polymerisation. Moreover, 
Mezzadroli and Vareton^^ (1928) have shown 
that exiK)sure of these bicarbonate solutions and 
carbonic acid to ultraviolet rays causes an in- 
crease in the reducing powers of the solution to 
a maximum followed by a rapid fall. The pres- 
ence of colloidal or reducing catalysts increases 
the reducing powers. Mezzadroli and Vareton 
have also reported that the yield of formaldehyde 
and .sugars is increased by the addition of metal- 
lic magnesium to the calcium bicarbonate solu- 
tion. Mezzadroli and Balies^® ( 1929 ) have stated 
that the reducing power of a 5% solution of po- 
tassium bicarbonate exposed to ultraviolet light 
increases to a constant value in the presence of an 
active variety of carbon. When zinc is present 
with the carbon the reducing power is still fur- 
ther increased. 

Recent experiments carried on in these labora- 
tories with great care along with blank experi- 
ments, show that fonnaldehyde is synthesised and 
detected when dilute solutions (57c) of bicar- 
bonates of the alkali metals are exposed to sun- 
light for about 4 hours in thin layers (0,5 cm. 
thick) either in open dishes (11 cm diameter) 
or in dishes covered with silica plates at temper- 
atures up to 30®. Higher temperatures are pre- 
judicial to formaldehyde production. The amount 
of formaldehyde photosynthesised per 100 c.c. of 
solution exposed is 0.00007-0.0001 g. Schryver s 
neagent is most sensitive for the detection of for- 
maldehyde in small quantities. The amount of 
formaldehyde obtained from exposing the bicar- 
bonate solutions in the same dishes placed in a 
bath at 40® is about one third of that obtained at 
30® under identical conditions. 

It will be of interest to note that in nature the 
amount of carbon assimilation is less at 40® tlian 
at 30® as will be evident from the following ob- 
servations. 

Miss G. L. C. Matthaei'® (1905) observed that 
the amounts of CO 2 assimilated by a cherry laurel 
leaf per 30 sq. cm. per hour at various tempera- 
tures were: 

Temperature 6® 8.8® 11.4® 

Weight of COj 0.0002 0.0038 0.0048 

assimilated (g.) 


But the total dry weight of organic tnatter 
produced during the whole life of the plant may 
not increase with temperature in this way. BialO'* 
blocki’s (1871) results with barley arc as fol- 
lows : 


Temperature 0® 

lO® 

20* 

30* 

40“ 

Dry matter 
formed 0 

7.64 

822 

3.85 

0.93 


Similar results have also been obtained by Baly 
and collaborators in vitro. 

In tropical countries, the optimum temperature 
of plTotos>nthesis in plants, as a rule, seems to 
be higher than with plants growing in temperate 
climates. 

Since 1870 when Baeyer gave out his formal- 
deh>de hypothesis, numerous attempts have lieen 
made to o!>tain formaldehyde in intro from car- 
bon dioxide and water on exposure to light. 
Usher and Priestley (1911), Baly, Heilbron and 
Barker^*^ (1921), Dhar and co-workers (1925- 
32), Mezzadroli and collaborators (1927-29), 
Yoe and Wingard (J. Chem. Phys., 1933 1, 886) 
and others obtained positive evidence of formal- 
dehyde formation from carbonic acid or bicar- 
bonates in the presence of catalysts, wlien ex- 
posed to light. On the other hand, Spoehr^^ 
(1923), Baur and Rebmann^ (1922), Porter and 
Ramsperger^® (1925), BelP^ (1931), Kmerson^® 
(1929), Zscheile^® (1932), Mackinney*^*^ (1932), 
and Qureshi and Mohammad^** (1932) obtained 
negative results although Mackinney made the 
following significant statement: 

“The status of tliis problem is extraordinarily 
involved, though it can hardly be doubted that 
some workers have succeeded in obtaining for- 
maldehyde in intro.** 

Baly and co-workers^® (1927) seem to contra- 
dict their earlier results. 

Formaldehyde in Rain Heater and tn Upper 

Atmosphere 

Recently a new aspect of the problem has l>een 
brought forward by the observations of Dhar 
and Atma Ram®® (1932-1933), that freshly col- 
lected rain water always contains appreciable 
amounts of formaldehyde. It is believed that 
fonnaldehyde in rain water is formed by the 
combination of carlx)n dioxide and water vapour 
present in the atmosphere by the absoqjtion of 
ultraviolet light from the sun. 

We have continued our analyses of rain water 
for formaldehyde and we have observed that all 
samples of rain water contain formaldehyde vary- 
ing from 0.00015 to 0.0012 g. per litre. It is inter- 

15® 23,7® 30.5® 37.S® 40.5® 43® 

0.0102 0.0070 0.01S7 0.0238 0.0149 0.0102 
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estin^f to note that the amount of formaldehyde 
per litre of rain water obtained after some sunny 
days is pi^ctically the same as that photosynthe- 
sised by exposing solutions of potassium bicar- 
bonate to sunlight. It may be that the amount of 
formaldehyde in both cases is controlled by the 
equilibrium, 

HCHO ^ Ha + CO. 

We have shown that the incidence of lightning 
discharge and thunderstorm does not increase the 
amount of formaldehyde present in rain water. 
On the other hand, we have observed that the 
amount of formaldehyde present in rain water is 
greater when the rainfall is preceded by some 
clear sunny days. Hence we are inclined to the 
view that formaldehyde in rain water is obtained 
as a result of its photofomiation from carbon 
dioxide and water in the atmosphere. 

It is well known that the following reaction 
requires ultraviolet light of wavelength 2550A. 
CO 2 + H 2 O + 112,000 cal. H.CHO + O^. 
It is apparent that very seldom all the active rays 
are absorl)ed by a medium and hence it seems 
that all short ultraviolet rays coming from the 
sun will not l^e absorbed by the ozone layer pres- 
ent in the atmosphere. Some of the short wave 
radiations are likely to pass through the ozone 
la>er and decomixise water into H and OH, and 
these hydrogen atoms may reduce COi» to for- 
maldehyde as has been observed by P. Harteck*^ 
(1933). This reduction of carbon dioxide by 
atomic hydrogen may be accelerated by the solar 
radiations. The heat of dissociation of water 
into il and OH is 110,000 calories. In other 
words, the energy required in the fonnation of 
formaldehyde from carbon dioxide and water is 
practically the same as that required in the break- 
ing of the H— OH link, which appears to be the 
first step in this process. 

As the wavelength necessary for the formation 
of ozone (2020A) is shorter than that necessary 
for the formation of formaldehyde (2550A), it 
is expected that fomiaklehyde may be formed in 
the atmosphere at a height less than that of 
ozone. 

Henri and Schou®- (1928) and Herzlierg** 
(1931) have shown that the ultraviolet absorp- 
tion spectrum of formaldehyde vapour consists 
of 35 to 40 bands between 2500 and 3700A with 
a maximum at 2935 A cliaracteristic of aldehydes. 
The predissociation limit of formaldehyde ap- 
pears to lie between 2680 and 2660A with diffuse 
bands. On irradiating formaldehyde vapour with 
rays of wavelength between 2800 and 2650A, 
Kirkbride and Norrish*^ (1931) obtained a quan- 
titative decomposition of formaldehyde into CO 
and Ha. 


It is apparent, therefore, that not only ozone 
but also formaldehyde present in the atmosphere 
absorbs short rays from the sun. Hence the ab- 
sorption of solar radiations shorter than 2S)00A, 
which lias been so far attributed to the presence 
of ozone, may be partially due to the formalde- 
hyde present in the atmosphere. Just as there is 
an equilibrium in the atmosphere between the 
oxygen and the ozone, it is evident that the ft^l- 
lowiiig equilibrium may exist in the atmosphere. 

HCHO ;:± CO + H^ 

It is well known that the upper atmosphere is 
rich in hydrogen. Consequently., due to the 
presence of hjdrogen, the photodecomposition 
of fornialdehyde will be markedly hindered and 
appreciable amounts of formaldehyde may exist 
in the atmosphere. 

From the foregoing lines it will be seen that 
the wavelengths of radiations suitable for for- 
maldehyde formation (2550A) and decomposi- 
tion (2660A) are much nearer each other than in 
the fonnation (2020 A) and decomjiositioii 
(2655 A) of ozone. Hence, there is greater like- 
lihood of die decomposition of the formaldehyde 
as soon as it is synthesised than in the case of 
ozone, but due to the presence of hydrogen, an 
appreciable amount of formaldehyde is likely to 
exist in the atnxisphere. 

Just as ozone can exist in the atmosphere at a 
height of a few kilometers above the earth’s sur- 
face (compare Gotz, Dobson and Meethain, Na- 
ture, 1933, 132, 281 ) formaldehyde can also exist 
at similar heights and that is why it can lie 
washed down by rain water, which bis been 
found to contain formaldehyde. We have made 
many careful experiments to sec whether air on 
the surface of the earth contains appreciable 
amounts of formaldehyde. Large volumes of air 
were aspirated slowly through 20 c.c. of distilled 
water contained in a glass tube from 6-24 hours, 
but no trace of formaldf'hydc could be detected 
in the water b> applying the Schryver test, 
showing thereby that although formaldehyde 
exists in the upper atmosphere, it does not occur 
appreciably in the atmosphere near the surface 
of the earth. 

Formation of Sugars from FornuUdehyde 

Thanks to the researches of several chemists, 
the problem of the formation of reducing sugars 
by the condensation of formaldehyde is on a bet- 
ter footing than that of the photosynthesis of 
formaldehye from carbon dioxide and water 
vapour. Butlerow (1861), Loew (1886-1889), 
Fischer (1892-1905), von Euler (1906), Nef 
(1914), Spoehr®® (1926) and others have shown 
that under various conditions, especially in the 
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presence of alkalis, formaldehyde is converted 
into reducing sugars in the absence of light. 

Spodir obtained traces of sugar by exposing 
3fo solutions of formaldehyde with zinc carbon- 
ate or potassium nitrate to sunlight With lead 
and calcium hydroxides, which form sugars in 
the dark also from formaldehyde, the yield in 
light was greater. Inghilleri (1912) obtained 
sorbose by exposing formaldehyde and oxalic 
acid to light, whilst Pribram and Franke (1912) 
prepared glycollic aldehyde by exposing formal- 
dehyde to tdtraviolet light in quartz vessels. 

Baly and collaborators** (1924-1931) have car- 
ried on important researches on the conversion of 
formaldehyde to reducing sugars in the presence 
of ultraviolet li^t. Baly (1924) reported that 
“with an initial concentration of 40% formalde- 
hyde, the maximum reducing power is 8% cal- 
culated as glucose and with 20 litres of formalde- 
hyde, this can often be reached after 14 days of 
continuous illumination.” Recently Baly and 
collaborators (1927) have denied the formation 
of formaldehyde from carbon dioxide and water 
in ultraviolet light as reported in their previous 
work, but have obtained glycol, glycerd and re- 
ducing sugars from exposing formaldehyde to 
ultraviolet light. They have shown that when a 
40% formalin solution containing an exce.ss of 
calcium carbonate is placed in a tank kept at 30° 
and exposed to ultraviolet light from four quartz 
mercury vapour lamps for a month and the mix- 
ture is stirred, 80% calcium formate, 5.6% cal- 
cium glycollate and 15% of a mixture containing 
glycol, glycerol, pentaerythritol and some reduc- 
ing sugars are obtained. According to these 
authors, the action of ultraviolet light is repre- 
sented by the following scheme: 

HjCOs (activated) -♦ HCHO + Os 

nHCHO Carbohydrate H • CHO 

It is believed that the following stationary 
state is established by the action of ultraviolet 
light on carbonic acid: 

6 HaCOs CoHiaOe 4* 6 Oj. 

When the concentration of carbohydrate is small 
and in the presence of reducing agents, the reac- 
tion would proceed from left to right with the 
formation of carbohydrates, which would be 
photochemically dectanposed to formaldehyde. 
Moreover, Baly and co-woricer8*^(1931) ob- 
served that when various sparingly soluble sub- 
stances, capable of absorlang carb^ dioxide were 
used and carbon dioxide was passed and the 
whole was exposed to ultravitdet light, complex 
organic compounds containing carbohydrates, 
w&h char r^ily and develop reducing power 
after hydrolysis with hydrochloric add, are 


fomied. Amot^ the powders which behave th 
this way were metallic aluminum, barium sul- 
phate, freshly predpitated aluminum hydroxide, 
basic carbonates of magnesium and zinc, ferric, 
chnxnic, and aluminum hydroxides with small 
amounts of thorium hydroxide deposited on 
kieselguhr, etc. They also used colorwl sub- 
stances lilw aided or cobalt carbonate alone or 
deposited on kieselguhr with small amount of 
thorium carbonate in aqueous carbonic acid and 
visible light. The organic substances formed re- 
duced Benedict’s solution, gave the Rutmer and 
Molisch reactions and formed a solid osazone. 
Under comparable conditions the use of visible 
light and coloured surfaces gave a greater yield 
of organic matter with a higher carbohydrate 
content than the use of ultraviolet light and 
white surfaces. It appears that the exclusion of 
ultraviolet light prevents the photodecomposition 
of the carbohydrates formed. When a solution 
of ammonium carbonate containing a suspension 
of ra'ckel or cobalt carbonate is exposed to visible 
light, complex nitrogenous organic compounds 
are formed. 

Baly and collaborators have pointed out that 
the thermochemical equation, 

6 HsCOs = CeHiaOe -f 6 Os — 673800 calories 

requires the wavelength 2552A for the activation 
of carbonic acid by means of radiation alone. 
Since photosynthesis occurs in the plant with 
visible light, some other mode of activation must 
be discovered. These authors state “the total 
quantity of energy necessary for photosynthesis 
to take place is supplied in two separate amounts, 
one quantity beihg given when the adsorption on 
the surface takes place, and the second quantity 
being given out by light.” It should be pointed 
out that a similar behaviour is observed with sev- 
eral other photochemical reactions, which are sen- 
sitised by different substances. 

Recently Baly and Hood (1929) have shown 
that if the yield of carbohydrates (weight of 
photosynthesised organic matter soluable in abso- 
lute methyl alcohol) obtained from the presence 
of a ^ecially purifi^ suspension of nickel carbon- 
ate (50g.) in 1000 cc. of water, is plotted against 
the temperature, the relation is found to be a 
linear one between 5° and 31* (maximum yield 
being 0.0783 g.) ; after which there is a rapid de- 
crease of yield. The values of the temperature 
coefficient for a 10° rise are in good agreement 
with those observed by Warburg (1919) with 
the unicellular alga, Cmorella, under constant il- 
lumination. Baly and Hood have pointed out the 
close analc^ between the photosynthesis tn vitro 
and in vivo with special reference to the re- 
searches of Miss Matthaei (1905) on the assimi- 
lation of carbon dioxide at various temperatures 
and the fact that the process both in ^ livit^ 
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leaf atul in the laboratory has an upper and a 
tower temperature limit* 

Dhar and co-workers*® (1925-1932) have 
studied the conversion of formaldehyde solutions 
to reducing sugars in the presence of catalysts in 
sunlight. Dhar and Sanyal (1925) and Atma 
Ram and Dhar (1932) obtained reducing sugars 
by exposing solutions of formaldehyde with fer- 
ric chloride to sunlight. When solutions of for- 
maldehyde are exposed to sunlight for periods 
varying from 60 to 125 hours with catalysts like 
ferric chloride, zinc oxide, nickel carlK)nate, 
chlorophyll, methylene blue and methyl orange, 
reducing sugars are detected. The best restdts 
obtained so far are those with ferric chloride. It 
will be of interest to note that formaldehyde 
solutions when mixed with fluorescent substances 
like saf ranine, cartharamine, rhodamine, etc,, and 
exposed to sunlight, do not form reducing sugars, 
whilst with chlorophyll, reducing sugars are pro- 
duced. The sugars obtained reduced Benedict’s 
solution and gave tbe Moliscb and Kubner reac- 
tions. On exposing 1% solution of formalde- 
hyde in the presence of freshly prepared dilute 
ferric chloride in thin layers in open dishes, re- 
ducing sugars can be obtained even after an ex- 
posure of 4 hours to sunlight. 

Influence of Temperature on Sugar Formation 

from Formaldehyde 

As the yield of reducing sugars on exposing 
formaldehyde solutions to sunlight wEvS best with 
ferric chloride it was thought profitable to deter- 
mine the temperature coefficient of this pol}mer- 
isation for a 10° rise of temperature. 800 cc. of 
formaldehyde solutions were exposed in a 
sealed bulb with ferric chloride to sunlight for 45 
hours at 30° and 40°. After the removal of the 
ferric and ferrous salts formed by the reduction 
of the ferric chloride, the solutions were evapor- 
ated to complete dryness, and freed from for- 
maldehyde. The dried mass was extracted with 
pure methyl alcohol. The residue obtained after 
removal of methyl alcohol was estimated by the 
reduction of Fehling's solution. The amount of 
CuO obtained at 30° = 0.061 g. ss 0.1355 g. of 
glucose, whilst at 40° the CuO = 0.077 g. = 
0.16 g. of glucose. 

Hence the temperature coefficient for a 10° 
rise of temperature between 30° and 40° for the 
conversion of fonnaldchyde solutions to reduc- 
ing sugars in the presence of ferric chloride in 
sunlight is 1.2, In this connection, it will be of 
interest to note that van Amstel (1916) obtained 
the value 1.25 for 10° rise of temperature be- 
tween 24° and 36.5° in photosynthesis with 
Elodea and Sir J. C. Bose*® (1924) obtained the 
value 1.22 for a 10° rise tetween 20° and 30° in 
photosynthesis with HydriUa. 


Photosynthesis ISS 

Photosynthesis of Nitrogenous Compounds. 

From our experiments on exposing solutions 
of formaldehyde and nitrate or ammonia to sun- 
light, we observe that methylamine is fairly easi- 
ly obtained. Hence, it appears tliat in the ab- 
sence of carbohydrates, the products of photo- 
synthesis of nitrogenous compounds will essen- 
tially consist of substances like pyridine, piperi- 
dine, etc., fomiecl by the reaction of methylamine 
and formaldehyde, and these compounds have act- 
ually been obtained by several workers including 
ourselves. In the presence of carbohydrates, 
however, we are likely to obtain alkaloids like 
nicotine, but especially amino-acids by the reac- 
tion of aldehydes of the monobasic and dibasic 
acids obtained from starch and carbohydrates 
with ammonia or methylamine. It appears, there- 
fore, that in nature also, amino-acids, the pre- 
cursors of proteins, are formed by the reactions 
of ammonia or methylamine on the derivatives 
of carbohydrates and that is why the formation 
of proteins in plants goes hand in hand with the 
formation of carbohydrates, which require light. 
Several workers have reported that the formation 
of protein in nature is facilitated by the presence 
of carbohydrates or light. Moreover, it a])pears 
that protein formation in plants is likely to be 
facilitated by the presence of fats, which yield 
gl>cerol readily. It has been shown by Dliar and 
collaborators that reducing sugars are obtained 
by exposing glycerol to sunlight. Recently we 
have observed that reducing sugars are obtained 
by exposing, to air and to light, solutions of tar- 
taric acid and other organic acids in the presence 
and absence of photocatalysts. Hence the pres- 
ence of tartaric acid or other hydroxy organic 
acids may also favour the formation of proteins 
in plants. 

It is well known that in the animal body, pro- 
teins are converted into glucose. In the plant 
kingdom the formation of proteins is facilitated 
by the presence of glucose. It appears, therefore, 
that in photosynthesis protein formation is likely 
to take place when some carbohydrates have al- 
ready been formed. 

Appreciable amounts of nicotine have been 
photosyntliesised and the moleculai weight of the 
base determined from the chloroplatinate of the 
base on exposing solutions of ammonia, formal- 
dehyde and cupric salts in the presence of cata- 
lytic surfaces like ZnO, Ti02, etc., to sunlight 
for about 80 hours. Moreover, when solutions 
of glycol and potassium nitrate are exposed to 
sunlight for about 8 ht)urs in the presence of 
Ti 02 as a photocatalyst, tests for glycine are ob- 
tained. Similarly a solution containing glucose 
and potassium nitrate with Ti 02 as a photocata- 
lyst when exposed to sunlight for the same per- 
iod, appears to produce arginine. Longer ex- 
posure causes the disappearance of the amino- 
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acids photosynthesised, probably due to their 
photo-oxidation. Solutions of ammonium lactate 
form amino-acids when exposed to light, I'hcae 
amino-acids obtained in photosynthesis can be 
readily tested by the valuable ‘"ninhydrin” test. 
(Compare Dhar and Mukherji, J. Indian. Chcm. 
Soc„ 1934, 11, 727). 

Influence of Temperature on Photosynthesis, 

Many plant physiologists following the lead 
of Blackman liave applied the van’t Hoff rule to 
plant temperature studies. The application of 
the Arrhenius relation has been found to be gen- 
eral with ordinary chemical reactions. When the 
same relation is applied to tlie results actually ob- 
tained regarding the influence of temperature on 
photosynthesis in plants, it fails, as will be evi- 
dent from the following table obtained from 
WarburgV® rffsults (1919). 



16 2.0 4.11 between 16* and 25* 

(taking 4.7 between 6* and 10*) 

45 2.0 4.01 between 10* and 20* 

Otaking 4.3 between 5* and 10*) 

45 1.6 3.66 between 20* and 30* 

(taking 4.3 between 5.4* and 10*) 

These results have been calculated by applying 
the well known Arrhenius relation : log (ki/k 2 ) = 
[A(Ti— T 2 )]/TiT 2 . It appears ttet the tem- 
perature coefficients of photosynthesis do not 
obey the Arrhenius relation which has been found 
to be universally applicable to ordinary chanical 
reactions investigated so far and no case of fail- 
ure has been reported. In photosynthesis, the 
observed values are always smaller than the cal- 
culated ones. The reasons for the non-applica- 
bility of this relation to photos)mthesis in plants 
are : ( 1 ) the greater influence of temperature on 
the respiration process than tliat on photosynthe- 
sis and (2) the harmful influence of high tem- 
perature on the chloroplast. 

When the temperature of a plant system un- 
dergoing photosynthesis is increased the velocity 
of photosynthesis is increased but to a smaller 
extent than that of respiration. Consequently, 
the temperature coefficient of the observed 
photosynthesis will appear to be smaller than 
when the reversible reaction is not present. 
Moreover, the chloroplast in the protoplasmic 
cell which is likely to be active in the photosyn- 
thetic process starts undergoing deterioration 


when the temperature is greater than 20® and 
may l)e partially destroyed when the temperatute 
is still greater. This is evident on comparing the 
results obtained by Warburg and those calculated 
from the Arrhenius relation. The observed tem- 
perature coefficients between 16® and 25® and 
between 10® and 20® are nearly half of the cal- 
culated values, whilst the observed temperature 
coefficient between 20® and 30® is much less than 
half of the calculated value. The pernicious in- 
fluence of high temperature on physiological and 
enzymatic and bacterial processes is welt known. 
In mjost cases the optimum temperature in these 
reactions is around about 20®. Moreover in plant 
photosynthesis, there is an additional factor, 
namely, the reverse reaction, i. e., respiration, 
which is also simultaneously going on and is 
counterbalancing the photosynthetic reaction and 
hence, the influence of temperature on photosyn- 
thesis is less pronounced due to these counteract- 
ing agencies. 

It has been observed that in the case of some 
chemical reactions, the temperature coefficient 
can have the high value 7.2. Hence it is no won- 
der that the temperature coefficient of photosyn- 
thesis at low temperatures (say between 5® 
and 10®) lias the value 4.3. It seenjs probable 
that the photosynthetic reaction is not an adsorp- 
tion process of which the average temperature 
coefficient is in the neighbourhood of 1,2 for a 
ten degree rise of temperature, hut it is controlled 
by a truly photochemical change having a mod- 
erately high temperature coefficient. In several 
communications from our lal)oratories it has been 
shown that the photochemical reactions need not 
have temperature coefficients approaching unity, 
but can have values as high as 4. (Compare 
Dhar ^‘C'hemical Action of Light,'* 1931. pp. M4- 
318). From the foregoing considerations, it is 
clear that it is needless to assume that the photo- 
synthetic process involves two reactions. It is 
believed that in high light intensity the chemiad 
reaction (‘'Blackman reaction" as designated by 
Warburg) is detennining the total velocity of the 
reaction, because for a ten degree rise of temper- 
ature between 15® and 25® the velocity of the 
photosynthesis is doubled. On the other liand, 
in low light intensity, the temt>erature coefficient 
instead of being 2 as with intense light, is 1.06 
and hence it has been assumed that the chemical 
reaction is not the controlling factor as in the 
previous case, but the photochemical reaction with 
a low temperature coefficient determines the 
photosynthetic rate at low intensities of light. 

In the presence of intense light, the photo- 
chemical reaction causing the photosynthesis and 
having a moderately large temperature coefficient 
is predominant and the counteracting influence of 
the respiration process, which is not as much ac- 
celerate by light as the pbotosynthetic reactioni 
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h utot prottiinent. On the other hand, in the 
presence of feeble illumination, the velocity of 
the photosyntlietic reaction is not high, because 
this reaction takes place only in light and is pro- 
portional to the light intensity. In this case, the 
counteracting influence of respiration, especially 
at increased temperatures, becomes prominent 
and hence the influence of temperature on the ob- 
served photosynthetic rate is feeble. 

Warburg (1919) has observed tliat the tem- 
perature coefficient of photosynthesis with the 
unicellular alga Chlorella is much less when the 
light intensity is feeble than when it is strong. 
Thus kt + 10/kt Ixitween 16° and 25° witli light 
intensity sixteen = 2.0, and kt + 10/kt between 
15° and 25° with a relative intensity of one = 
1,06. 

These results which appear to liave lieen con- 
firmed by other workers can be explained in the 
following w'ay. It has already been stated that 
in a plant, tlie following opposing reactions arc 
taking place: nCOa + nll^O Cn HouOn + 
n Ui» ; and the temperature coefficient of photo- 
synthesis is less than tliat of res])iration. Hence, 
when the light intensit> is feel)le, the velocity of 
photosynthesis In small and is slightly greater 
than that of iesi)iration at the same tcm])erature. 
Now when the temperature of the system is 
raised through 10 degrees, the velocity of the 
pilot osyn thesis will bo increased to a smaller ex- 
tent than that of re.spiration. Consequently the 
tein[jerature coefficient of the observed photosyn- 
thesis may he unity or less. 

Moreover, in nature when the temperature of 
the air is high, the plants gain no material 
through photosynthesis because of the high res- 
piration, whilst at lower temperature with the 
same light intensity, food materials are fonned 
in the plant. 

Willstatter and StolH^ (1918) have rei:^rted 
that leaves of low chlorophyll content exhibit a 
lower acceleration with increasing temperature 
than the leaves of high chlorophyll content. Thus 
leaves of Ulmus with low chlorophvll content 
showed a temperature coefficient of 1.34 and with 
high chlorophyll content of 1.53 between 15° and 
25°. These results of W ill.statter and Stoll can 
be explained from the view-point already ad- 
vanced. 

The temperature coefficient (1.53) of the 
photosynthesis with chlorophyll-rich leaves is 
greater than that with chlorophyll-poor leaves 
(1.34), although the photosynthesis is not at a|| 
directly projiortional to the amount of chlorophyll 
in the leaves. Willstatter and Stoll find that tem- 
perature variations do not affect the rate of 
photosynthesis of the yellow varieties as much as 
the normal ones. In the yellow varieties, the 
amount of photosynthesis lieing small, the coin- 
pensating influence of respiration becomes promi- 
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nent and hence tempei*ature does not appear to 
influence photosynthesis with these varieties to 
the same extent as the normal ones with more 
chlorophyll. 

Moreover, differences in light intensity have 
more profound effect on the yellow varieties than 
on the normal ones and the time factor appears 
more slowly than with the normal ones. It is 
well known that photosynthesis increases with the 
light intensity and the chlorophyll content of the 
leaves. Now in the case of leaves containing 
much chlorophyll, the velocity of photosynthesis 
will be high and may reach the maximum, even 
when tlie light intensity is not high and hence in 
these cases, the reaction will be less sensitive to 
the influence of light changes, because the reac- 
tion is already fast, due to the presence of large 
amounts of chloropii>ll. On the other hand, when 
the chlorophyll content is small, the reaction ve- 
locity is small and light will affect the velocity 
more markedly than in the previous case. This 
explanation is in agreement with the observations 
of Willstatter and Stoll that in the chlorophyll- 
rich leaves, an increase of light intensity was 
without influence on photosynthesis; in fact the 
light intensity could be reduced by % witliout af- 
fecting the rate of photosynthesis. Exactly simi- 
lar exhaustion effect has been observed with sev- 
eral photochemical reactions where the velocity of 
the reaction may be proportional to or I^ in 
some cases where the reaction is very fast. (I = 
light intensity) (compare Hliattacharya and Dhar, 
J. Indian. Chem. Soc., 1929, 6, 197, 523), 

The Phenomenon of *'Solarisation*^ 

It is well known that not only high tempera- 
ture but also long exjx)sure to strong light affects 
photosynthetic activity. Thus Ursprung^^ 
(1917) observed that a leaf of P/iaseolus after 5 
hours of illumination showed very deep colora- 
tion of tlie starch-iodine, while after 8.5 hours* 
illumination, the reaction was faint. This phe- 
nomenjon can be observed with almost any source 
of light of sufficient intensity and the time re- 
quired is proportional to the light intensity. The 
effect is first brought alxDut in the red orange por- 
tion, the region showing the best photosynthetic 
activity. With higher intensity, the shorter wave- 
lengths bring the effect about in shorter time and 
it is apparently proportional to the photosynthe- 
tic activity of light. Hrsprung has called this 
phenomenon “solarisation** as it is analogous to 
the phenomenon of solarisation observed in pho- 
tographic plates under similar circumstances. 

It IS expected that not only with starch but 
with other carlxiliv cl rates, a similar effect will be 
observed This liehaviour has l^een ascribed to 
the inactivatif»n of chloroplasts. After long ex- 
posure to intense light, the plant organs are as- 
sumed not to function, although they are not 
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killed and on keeping in the dark for a period, 
again produce starch normally* 

The inhibiting effect of long exposure to light 
of high intensity on photosynthesis has been 
studied by Ewart^* (1897) and the inhibiting ef- 
feet has been ascribed to the destruction of cldor- 
ophylL Pantanelh*^ 0903) explains the fatigue 
effects observed by him in bright light from the 
view-points of chlorophyll destruction and injury 
to the chloroplast plasma. The observations of 
Ewart on Alliumcepa, which does not form 
starch, indicate that when leaves of this plant are 
exposed to bright light for 14 days or for a 
shorter period while being fed with sugar, the 
evolution of oxygen finally ceases. This inacti- 
vation apparently does not injure the cells or 
chloroplasts. After a few days in darkness, the 
capacity for photosynthesis is regained. 

The foregoing facts are explained from the 
following considerations. 

In plants the following equilibrium exists: 

nC02 ~|* nH20 CnK2nOn *4“ n02 

The direct action (photosynthesis) is being 
opposed by the reverse reaction (respiration), 
which will increase, according to the law of mass 
action, with increase in the concentration of the 
carbohydrate, which is a product of photosyntlie- 
sis. Consequently, with accumulation of carbo- 
hydrates or when the plants are fed with sugar, 
as was done by Ewart, photosynthesis is retarded 
and may stop altogether when the carbohydrate 
content becomes very high. When the illumina- 
tion is high and it lasts for a long time, the car- 
boh>drate content increases and along with it the 
respiration also increases, and thus the photosyn- 
thetic velocity falls off with time even when the 
illumination is continued* After a time the res- 
piration will more than counterbalance photosyn- 
thesis and the carbohydrates formed by the pho- 
tosynthesis will be oxidised to carbon dioxide and 
water and will disappear on prolonged exposure. 
When the carbohydrates disappear, the photo- 
synthesis will again begin. It has l^een known 
for a long time that the photosynthetic rate de- 
creases with accumulation of the products of 
photosynthesis. Moreover, Saposchnikoff^® ( 1893 ) 
has demonstrated the inhibitory power of an 
accumulation of carbohydrates and that these 
cannot increase beyond a certain point. When 
the leaves of ViHs vinifera contain 23 to 29% 
carbohydrates in dry weight, photosynthesis 
ceases and respiration predominates. Saposchni- 
koff has shown that as carl>ohydrates accumulate, 
decrease of pliotosynthetic rate takes jilace, whilst 
a decrease in the carbohydrate content results in 
an increased photosynthesis. These results are 
evident from the view-point of the reversible re- 
actions already put forward. 

Moreover, there are two other factors which 


increase respiration, which should be considetH^ 
viz*, (1) influence of light intensity on the respir- 
atory process, and (2) influence of increased tcan- 
perature caused by prolonged light absorption* 

CompensaHon P^^mt 

The compensation point, i.e* the light intensity 
at which the photosynthetic and respiratory ac- 
tivities of the plant compensate each other, de- 
creases with decrease of temperature as will be 
evident from the following table: 


Plant 

I4glxt Inteiurtty 
at 20* 

LJg^t I&teaHtjr 
at 5* 

Spirogyra 

174 

26.7 

Fontinalis 

150 

40. 

Cladophora 

253.3 

62.9 

Cinclidotus 

400 

75. 


The foregoing results show that the light inten- 
sity which at 20® represented the compensation 
point produced an evolution of oxygen due to 
photosynthesis at 5®. 

With Cladophora, with increasing temperature, 
the compensation point rises more rapidly than 
the rate of respiration determined in the dark; an 
increase of temperature from 5® to 25° causes 
the respiration to become 4.8 times greater in the 
dark, whilst the light intensity increases 6.69 
times. 

The foregoing results as well as other facts re- 
garding the compensation point can be explained 
from the following considerations: 

1. Photosynthesis is proportional to the light in- 
tensity, there being no photosynthesis in the dark. 

2. Respiration takes place in the dark but is ap- 
preciably accelerated by light. 

3. An increase of temperature affects respira- 
tion more markedly than photosynthesis. 

The fact that the compensation fioint rises 
with increase of temperature is due to the greater 
increase of respiratory activity than photosynthe- 
tic activity with increased temperature. The res- 
piratory activity of the plant, which counterbal- 
ances the photosynthetic process, increases much 
more than photosynthesis at higher temperatures 
and consequently, the light intensity must be in- 
creased to cause more photosynthesis to counter- 
act the increased respirator activity. There is 
another reason for further increase in the respir- 
atory activity of the plant. Hitherto, it has been 
assumed by most of the plant physiologists that 
the process of respiration is not accelerated by 
light. But it is evident from the researches of 
Dhar and collaborators (vide, '‘New Conceptions 
on Biochemistry,'' 1932) that animal metabolism 
is markedly accelerated by light absorption. 
Hence, it seems pretty certain that the respiratory 
process taking place in plants is also accelerated 
by light. 
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Ccwiseqtiently the respiratory activity of the 
plant is accelerated by two agencies, temperature 
and light intensity, and thus the light intensity 
requir^ for increased photosynthesis in order to 
counteract this high respiratory activity should 
be very high. Thus with increasing temperature, 
the compensation pdnt should rise more rapidly 
than the rate of respiration tecause of its addi- 
tional enhancement by light absorption and this is 
clearly borne out from the experiments on 
Cladophora in which an increase of temperature 
from 5^ to 25^ causes the respiration to become 
4,8 times greater when determined in the dark, 
whilst the light intensity increases 6.69 times, for 
the compensation point. 

It is evident that under certain circumstances, 
when the temperature is high and the light is in- 
tense, the compensation point may not be attained 
even with intense light and the plant will evolve 
carbon dioxide like an animal even in presence 


plant with reference to temperature is naturally 
of great importance to the life of the plant and 
its relation to the environment. 

Formaldehyde a General Product in the Photo^ 

oxidation of Organic Compounds 

When solutions of organic substances like ace- 
tic acid, citric acid, glycine, malic acid, lactic acid, 
glycogen, acetone, etc., are exposed to sunlight 
and air, formaldehyde is readily obtained- Dyes 
like malachite green, methyl violet, methylene 
blue, etc., also form formaldehyde readily on 
photo-oxidation. Tartaric acid, butyric acid, pro- 
pionic acid and some dyes form smaller quanti- 
ties, whilst oxalic acid, formic acid, glucose, cane 
sugar, starch, histidine, etc., produce very small 
amounts of formaldehyde from photo-oxidation. 
The following are some of the results obtained 
by us • — 


Comimrative Experbnents In the Photoeynthesle of Formaldehyde m vitro from godinm Salto of Fatty 
Ad^, Carbohydrateo, Proteins and Potasalom Carbonate Soluttons Exposed to Sunlight In Quartz 
Vessels. 

Temperature 35^, Volume of Solution Exposed ^ 35 c^c. for 6 Houia. 

Ratio of amount 


System exposed 

Amount of sub- 
etance decomposed 
or photo-oxidised 
in gram moles 

Percentage of 
the substance 
oxidised or 
decomposed 

Amount of formal- 
dehyde formed in 
gram moles 

of substance oxi« 
dised or decom- 
posed to that ol 
formaldehyde 
formed 

M/5 KHC'Os 

0.098 

4.9 

0.000001 

9800 

M/100 Sodium Oleate 

0.00011 

1.1 

0.0000037 

29 

M/100 Sodium Palmitate 

0.000091 

0.9 

0.000003 

30 

M/100 Sodium Stearate 

0.000082 

0.82 

0.0000023 

36 

M/100 Cane Sugar 

0.00015 

1.5 

0.0000018 

83 

M/100 Glucose 

0.00016 

1.6 

00000017 

126 

M/100 o- Alanine 

0.00021 

2.1 

0.0000018 

117 

M/100 Aspartic Acid 

0.00018 

1.8 

0.0000015 

120 


of light. This is likely to hap|>en frequently in 
tropical countries where at the sea level, the heat 
rays of the sun become very prominent and the 
temperature of the plant will be high and photo- 
synthesis cannot counterlialance respiration under 
these circumstances. At higher altitudes, the 
light rays are more active than at the sea level 
and it is expected that at these altitudes, respira- 
tion will very seldom exceed photosynthesis in 
sunlight. 

These conclusions are corroborated from the 
experimental results of Harder*® (1921) with sea 
plants in the polar aones where the light intensity 
IS not very high. Thus Harder records the fol- 
lowing ratio of photosynthesis and respiration for 
different temperatures : 

20^^22*^ -^ 0.588 0.4427 0.4280 

2®-3.5^ 1.603 0.9207 2.059 

The position of the compensation point of a 


The foregoing results show that the amount of 
fomaldeh 3 ^de formed by exposing potassium bi- 
carbonate solutions to sunlight in quartz vessels 
is smaller than the amount formed in the photo- 
oxidation of the organic substances. Moreover, 
when we compare the amounts of formaldehyde 
formed with the number of molecules of bicar- 
bonate decomposed or the organic substance 
oxidised, a great difference is at once observed. 
Although the salts of the fatty acids ane oxidised 
to a smaller extent than the carbohydrates and the 
amino acids under comparable conditions, the 
amounts of formaldehyde produced are greater 
in the case of the salts of the fatty acids than 
with carbohydrates and amino acids. 

It is well known that the amount of heat gen- 
erated i>er gram of fat oxidised is 9 calories 
whilst with both carbohydrates and proteins it is 
4.1 calories. It seems, therefore, that the amount 
of formaldehyde formed during these photo-oxi- 
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dations increases with the quantity of energy 
liberated in fhe photo-oxidations of the organic 
compounds. 

It seems likely that the energy generated in the 
photo-oxidation of these organic substances sup- 
plies a part of the energy for the photo formation 
of formaldehyde. We are of the opinion that in 
nature, the photosynthesis that is taking place in 
the plants is aided by the energy obtained in plant 
respiration, which goes on as long as the plant 
lives. The ease with which formaldehyde or 
other energy-rich compounds are formed in 
plants is partly due to their getting a constant 
supply of energy from the oxidation of the food 
materials present in the plant. We have postu- 
lated that the most important chemical change in 
the formation of carl>ohydrates in plants and in 
the formation of formaldehyde in nature from 
carbon dioxide and water is the photolysis of 
water into H and OH. The amount of energy 
required to decompose a gram molecule of water 
into H and OH is approximately the same as 
that necessary for the formation of a gram mole 
of formaldehyde from carbon dioxide and water. 
These are highly endothermal changes requiring 
radiations of wavelength 2S50A (112,(X)0 cal- 
ories). In nature, however, photosynthesis lakes 
place in visible light, especially the red. We are 
of the opinion that the energy derived from res- 
piration in the plants already supplies a part of 
the energy necessary for the photosynthesis and 
thus renders the photodecomposition of water 
possi])le by longer wavelengths. Although the 
adsorption of carbon dioxide and water by the 
chlorophyll of the leaf may partially activate these 
substances just as the adsorption of hydrogen and 
oxygen on a platinum or palladium surface ren- 
ders them active, it appears to us that this activa- 
tion of carbon dioxide and water by their adsorp- 
tion on the leaf surface is less important than 
their activation by the absorption of energy from 
respiration. 

There is an intimate relation between respira- 
tion and photos} nthesis in the plant kingdom, lie- 
cause photosynthesis cannot proceed without the 
energy available from respiration for the partial 
activation of carbon dioxide and water vapour. 
The need of the presence of oxygen in photosyn- 
thesis is also explained from the same point of 
view. 

It is easier to obtain formaldeh)de or any other 
energy-rich comjiound from carlionic acid or bi- 
carbonate solution on exposure to light when a 
suitable exotliemial reaction is taking place in the 
system along with the photosynthetic reaction. 
Dew has been found to contain appreciable 
amounts of fonnaldehyde. The quantity of for- 
maldehyde is generally greater in dew than in 
rain water. The origin of the formaldehyde in 


dew seems to be the photo-oxidation of organic 
matter present on the surface of the soil 

We have carried on numerous experiments by 
exposing aqueous suspensions of chlorophyll or 
carotene to sunlight and air in the presence or 
absence of carbonic acid and we have obtained 
greater amounts of formaldehyde in the presence 
of carbonic acid than in its absence. It seems 
that die energy obtained in the partial photo-oxi* 
dation of chlorophyll or carotene is utilized in 
the formation of formaldehyde from carbonic 
acid. 

A Theory of Carbon Assimilation 

The following appear to be the important steps 
in carbon assimilation. 

1) Partial activation of carbon dioxide and 
water at the leaf surface due to their adsorption 
by chlorophyll and other plant pigments. It seems 
that chlorophyll and carotinoids present in the 
leaf act as photosensitisers and as reducing agents 
in the photoreduction of carbonic acid. 2) Fur- 
ther activation of the adsorl3ed COjj and water by 
absorption of a fiart of the energy available from 
respiration and the oxidation of carotene and the 
fonnation of activated carlion dioxide and water 
a.s products of respiration. 3) Ab.sorption of 
light by chloroph}!! and other pigments and the 
dissociation of activated water molecules on the 
leaf surface into H and C)H and the reduction of 
activated carbon dioxide molecules to formalde- 
hyde by the atomic hydrogen produced from the 
sensitised photolysis of water. The amount of 
energ) required to decompose a gram mole of 
water into II and OH is the same as that neces- 
sary for the formation of a gram mole of formal- 
dehyde from carbon dioxide and water. 4) The 
polymerisation of fonnaldehyde to reducing 
sugar. 5) The fonnation of hydrogen peroxide 
from OH and the rapid decomjiosition of H20a 
into water and oxygen on the leaf surface. 

The polymerisation of formaldehyde in vitro 
to reducing sugars is an exceedingly slow process 
even in presence of light. We have shown tlmt 
it is accelerated by ferric salts. Moreover, it is 
known that in the presence of alkali, reducing 
sugars are formed from fonnaldehyde. Light 
accelerates this reaction. How the formaldehyde 
formed on the leaf surface undergoes rapid poly- 
merisation is still unknown. This theory of car- 
l)on assimilation appears to have more experi- 
mental evidence in its favour than those of Will- 
statter, Warburg, Wumiser and others. (Com- 
pare Dhar and Atma Ram, J. Indian. Chem. Soc., 
1933, 10, 287). 
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Discussion 

Dr, Mackinney*, Comments are restricted to 
the phase of the problem dealing with the foniia- 
tion of formaldehyde in vitro from carbonic acid 
and hicarbonates. With reference to the condi- 
tions required by Baly, the work of Emerson, 
Zscheile, and Bell definitely substantiate the state- 
ment (1) that **no procedure has } et been pub- 
lished whereby conditions for obtaining formalde- 
hyde and carbohydrates in vitro can lie duplicated 
in other laboratories.” As it has lieen demon- 


strated that the formaldehyde obtained by Usher 
and Priestley using extracted chlorophyll as a 
catalyst came from the chlorophyll, the use of or- 
ganic catalysts (such as methyl orange, methylene 
blue, etc.), is to be deprecated. The challenge 
will inevitably be made that the traces of formal- 
dehyde reported come from the catalyst, or from 
minute traces of impurities, and that the condi- 
tions required for this decomposition are those 
necessarily lacking in a so-called control (i.e, il- 
lumination, CO 2 , or both). One is tempted to 
extend this line of thought, to enquire into the 
necessary significance of a positive test for for- 
maldehyde with Schryver's or Schiff^s reagent, 
when compared with a negative result for the 
‘^control”. To what extent does it genuinely rep- 
resent a control? As Spoehr (2) has pointed 
out, the abundance of conflicting evidence has 
placed the onus of proof on those who obtain pos- 
itive results. 

A definite step forward has been taken in 
studying limited regions of the spectrum. The 
discussion by Professor Dhar of the work of 
Kirkbride and Norrish, gives promise of at least 
a partial explanation of some of the contradictory 
results. 

Dr, Spoehr: An understanding of the phe- 
nomenon of solarisation can be gained only on 
the basis of quantitative experimentation. It 
must be remembered that thus far we have relied 
largely upon the iodine-starch test as an indica- 
tion of the presence or abseiKe of starch. It will 
be necessary to re[)lace this with quantitative de- 
terminations of starch. In solarisation, is starch 
actually al)sent after a period of illumination, or 
has some substance been formed which interferes 
with tlie starch-iodine test? Recently in our lab- 
oratory we have found that some leaves after ex- 
traction with ethanol until all the pigments were 
removed, still gave no test for starch with iodine. 
When the leaf material had been exti acted with 
petroleum ether the presence of starch was easily 
detennined with iodine. 

The careful experiments of the late Dr. Hol- 
man on solarisation (Univ. of California Publi- 
cations in Botany, 16, 139-151, 1930), carried out 
in our laboratory, demonstrated th^t this phe- 
nomenon does not occur without distinct fading 
of the green color of the leaf and suggest that the 
destruction of the chlorophyll may be partly re- 
sponsible for the inability of the leaf to maintain 
its starch in those areas which have been exposed 
to intense illumination. 

Interesting in this connection is the observation 
that increased carton dioxide supply delays solar- 
isation rather than hastening it. This suggests that 
solarisation is not due to the accumulation of the 

(2) Annual Rev. Blochent.> n, 466 (1933). 


(1) J. Am. Cbon. Soc.. 66. 1688 (1932). 
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products of photosyiithesis, but rather to a direct 
reduction m the efficiency of the chloroplasts* This 
conclusion is also supported by the observation 
made by Holman, that he was never able to se- 
cure solarisation in leaves which were filled with 
Starch at the beginning of the experiment. Al- 
though it seems to be well established that an ac- 
cumulation of the products of photosynthesis 
tends to inhibit the rate of photosynthesis, evi- 
dence is still wanting tliat this inhibition is of 
such an order that respiration would completely 
deplete the stored carbohydrates in the form of 
starch. Apparently there are conditions under 
which respiration over-balances photosynthesis 
even during periods of illumination, but this 
seems to be due to an inhibition of photosynthetic 
activity, associated with some disturbance in the 
photosynthetic apparatus, rather than to an un- 
usual stimulation of the respiratory rate. 

That there may be a relation between respira- 
tion and photosynthesis has been suggested re- 
peatedly, more recently on the liasis of experi- 
mental evidence by van der Paauw. As deter- 
mined by Warburg the photosynthetic process is 
one of relatively high elTiciency, There exists as 
yet no definite evidence that this relationship is of 
an energetic nature. The mode of approach to 
this problem, inaugurated by van Niel with the 
purple tecteria, offers one of the best means It 
seems possible that the two processes are depend- 
ent upon the same agent or set of conditions 
which makes possible the .splitting of water into 
H and OH, lesulting in active reducing as well 
as oxidizing agents. 

Dr, z^n der P{tauw: The fact that photOvSyn- 
thesis (Mattliaei) shows the .same relation to 
temperature as formaldehyde synthesis from l)i- 
carbonate solutions, may be purely incidental. 
Other vital processes show in the main a similar 
relation to temperature (curves with an optimum 
type). 

The connection between the temperature coeffi- 
cients for the conversion of formaldehyde to re- 
ducing sugars and the temperature coefficient for 
photosynthesis is, in my opinion, incidental as 
well. Miss van Amstel worked under conditions 
with which physical diffusion processes were lim- 
iting the photosynthetic process, whereas it is not 
quite certain that in Bose's experiments no other 
factor than temperature limited the .speed of the 
total process. In this respect I may refer to my 
own investigations. I found different tempera- 
ture coefficients which were l>y far higher than 
1.2 (see Planta 22, 396, 1934). 

I disa^ee with Dhar's opinion that the non- 
applicability of the Arrhenius relation to pho- 
tosynthesis in plants is due to the influence 
of respiration. In the experiments of Warburg 
a correction has been made for respiration. Fur- 


ther, I imve showp that with algae the 
ture coefficients of photosynthesis and of respira- 
tion do not differ very much, when care is token 
that the factors light and carbon dioxide are not 
in the minimum. Finally I have found no evi-^ 
dence for the opinion that a temperature higher 
than 20® is harmful to the chloroplast 

According to Dhar it is needless to assume 
that the photosynthetic process involves two re- 
actions because of the fact that many photochem- 
ical reactions have a temperature coefficient 
higher than unity. The current opinion on pho- 
tochemical reactions with a temperature coeffi- 
cient higher than unity is that they are chain re- 
actions and involve a pure chemical one. The 
same, therefore, holds for photosynthesis, The 
explanation of the low coefficient in weak light 
and in plants poor in chlorophyll, as given by 
Dhar, is in my opinion not correct. As re- 
marked above, a correction is always made for 
respiration. So it is impossible to account for 
this factor. 

Is it quite certain that the law of mass action 
may be simply applied to the process of respira- 
tion? In my experiments the rate of photosyn- 
thesis (without a correction being made for res- 
piration) was very constant for rather long per- 
iods, proving that respirable substances do not ac- 
cumulate, though the intensity of the photosyn- 
thetic process was very high. Products of photo- 
s}nthesis probably are excluded in an inactive 
state (starch). Weevers showed that starch for- 
mation from sugars proceeds very rapidly. (Rec. 
tr. but. neerl., 28, 400, 1931). 

Under oiitimilm light and carbon dioxide con- 
ditions photosynthesis and respiration never coun- 
terbalance. I'he rate of respiration amounts to 
a few percent of that of photosynthesis. 

In connection with the increase in respiration 
of Cladophora in light, I should like to hear how 
the other jdants behave under the same condi- 
tions. In this respect I also point to my own in- 
vestigation, in which it was shown that respira- 
tion pro!)ably increases in light. 

Dr, Rollefson: The use of heats of reaction 
to calculate the wavelength of light which will be 
effective in causing a particular reaction to occur 
IS entirely unwarranted. If an endothermic reac- 
tion occurs, the amount of energy supplied by 
light absorption may be equal to, greater than, or 
even slightly less than the heat of the reaction, 
the only absolute requirement l)eing that the ef- 
fective light must l>e absorbed by the system. In 
the paper under discussion it is assumed that 
since the reaction 

CO2 + H2O = ECHO + Og 

is endothermic to the extent of 112,000 calories, 
any light of wavelength 2550 A. or less is capable 
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of causing this reaction to occur. Tlie mechanism 
given involves the dissociation of water into H 
and OH followed by the reaction between H and 
CO 2 * The first step in this process requires ab- 
sorption of light by water and this does not oc- 
cur appreciably at wavelengths greater than 1850 
A. We arc faced therefore with the situation 
that formaldehyde is formed by liglit of wave- 
length less than 18S0 A. rather than 2550 A., and 
decomposed by light of wavelength less than 2800 
A. (Kirkbride and Norrish). With an energy 
distribution such as we have in sunlight, tliis 
would mean that formaldehyde would tend to be 
decomposed very much faster than it formed until 
a photostationary state involving very little for- 
maldehyde is reached. The introduction of the 
reversible reaction 

HCHO ^ CO + lh 

is of no help as the rates of the direct and revers- 
ible reactions are negligible under ordinary condi-^ 
tions. 

The oxvgen-ozone ^'eqitilihriuni*’ which is men- 
tioned is not a true eciuihbriuin but is a photo- 
stationary state with a much higher concentration 
of ozone than corresponds lo the thermodynamic 
equilibrium. 

These remarks do not deny the existence of 
f(>rmaldeh}cle in rain water but merely point out 
that the postulated mechanism is improliable. 

Dr, Mestre: Would you have any possible 
mechanism to suggest for its presence in the rain 
water ? 

Dr, Rollefson: I think the origin of the for- 
maldehyde is very uncertain. No evidence has 
been presented by Dhar to show that it has 
fieen formed from the carbon dioxide and ox} gen 
in the atmosphere; he is just assuming that 

Dr, Mestre: A point in which I find myself 
in general agreement with Dhar is in regard 
to the possibility of the existence of a photosensi- 
tised respiration. As I have already stated in my 
paper on the photos\ nthetic system of the chro- 
matophore, I think that the postulation of the 
existence of such a photosensitized respiration, in 
addition to the normal dark respiration, is by far 
the easiest way of accounting for some of the 
data of solarization. 

Dr, Emerson: We have, of course, no con- 
clusive evidence that photosensitized respiration 
doesn^t exist, but we know that if it does exist it 
must be characteristic of organisms having also 
a photosynthetic mechanism. If Chlorella is cul- 
tured in such a way that it grows without chloro- 
phyll, respiration is just the same in light as in 
darkness. It is well-known that yeast cells have 
the same respiration in light as in dark. 

Prof, Dhar: With regard to the points raised 


by Mackinney I have to state that the procedure 
published in my paper for detecting formaldehyde 
formed in photosynthesis by exposing potassium 
bicarbonate solutions to sunlight in quartz vessels, 
has been repeated in the Dacca University (Ben- 
gal, India) Chemical Laboratory and the workers 
there have confirmed our observations. In no 
case was formaldehyde detected in the control ex- 
periments as well as in the catalysts. 

I am indebted to Spoehr for drawing my at- 
tention to the work of the late Dr. Holman on 
solarisation. The distinct fading of the green 
colour of a leaf associated with solarisation does 
not affect the explanation of the phenomenon of- 
fered by us. The carbohydrates photosynthesised 
by plants actually disappear by respiration, and 
thus the phenomenon of solarisation is observed. 
The delay in the appearance of the phenomenon 
of solarisation observed with increased carlxin 
dioxide supply may be simply explained from the 
viewpoint that larger amounts of carbohydrates 
are formed when the carbon dioxide concentra- 
tion is increased ; and naturally for the disappear- 
ance of the larger amounts of carbohydrates 
formed in photosynthesis by respiration, a greater 
amount of time wall be required ; hence the delay 
in the appearance of the phenomenon of solarisa- 
tion with increased carbon dioxide supply. 

Although the efficiency of the photosynthetic 
process worked out under artificial conditions by 
Warburg is high, the observations of Putter, 
Miller and others show that under field conditions 
the efficiency of photosynthesis is not high and 
varies from 2% to 4% only. 

The experiments on the photo-oxidation of 
carbohydrates, salts of fatty acids, and amino 
acids reported in my paper show that the amount 
of formaldehyde formed is greater, the greater 
the amount of energy obtainable from the photo- 
oxidation. Moreover, the activity of the plant is 
said to be a measure of its respiration. Hence it 
appears that we have to take into consideration 
the amount of energy set free by respiration in 
understanding the phenomenon of photosynthesis. 

In my book on “Chemical Action of Light” 
(Blackie & Sons, London, 1931) I have discussed 
numerous cases of temperature coefficients of 
photochemical reactions and have shown that the 
actual value of the temperature coefficient of a 
reaction depends on the temperature interval of 
the experiment. The value of the temperature 
coefficient is higher, the lower the temperature 
interval of the experiment. The higher values of 
the temperature coefficients of photosynthesis ob- 
tained by van der Paauw than those obtained by 
van Amstel and P*ose are due 10 the fact that the 
latter investigators worked at temperatures higher 
than those investigated by van der Paauw. 

When a correction is applied for respiration 
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the apparent photosynthesis becomes less. Ac- 
cording to the view put forward in my paper, 
temperature affects respiration more than photo- 
synthesis, so the correction of the photosynthetic 
values for respiration would be more pronounced 
at higher temperatures. Apparently, therefore, 
the tonperature coefficient will be approaching 
unity especially when the light intensity is feeble. 

It is a well-established fact that under certain 
conditions, respiration counterbalances photosyn- 
thesis even in the presence of light. I have tried 
to explain this. In order ffiat light may influence 
respiration, it must be absorbed by the system 
undergoing respiration. The observation of 
Emerson that the respiration of Chlorella when 
grown without chlorophyll and of jeast is not in- 
fluenced by light, may be explained from the 


viewpoint that neither of these systems absorbs 
the incident light appreciably. 

I should like to point out to Roltefson that the 
majority of physicists and {ihysiad chemists are 
still using the heat of a reaction in calculating the 
effective wavelength for a particular chemical 
change. If the oxygen-ozone equilibrium is taken 
to be a photostationary state, the reversible reac- 
tion Hj -j- CO H2CO can also be considered 
as a photostationary state. 

I am very pleased to find that Mestre is in gen- 
eral agreement with my view that respiration may 
be a photosensitised reaction. It gives me great 
pleasure to find that the mechanism of photosyn- 
thesis advocated by me, that the photosensitised 
decomposition of water H2O (activated) -» H -f- 
OH is the first stage, has been generally accepted. 
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Introduction 

Historical Perspective. It is proposed to pre- 
sent in this paper a general kinetic mechanism of 
photosynthesis which will embody a large num- 
ber of new and important experimental facts es- 
tablished within the last five years, in addition to 
findings long demonstrated. The physico-chemi- 
cal mechanism offered will provide comprehen- 
sive, but conservative, unification in the field of 
photosynthesis. The majority of mechanisms 
proposed heretofore in connection with various 
aspects of photosynthesis have almost invariably 
contained, as essential features, unsupported, ad 
hoc hyiJOtheses which have definitely limited their 
probability, and hence their general applicability 
and value. Several meclianisms have restricted 
themselves to certain well-established facts, but 
have neglected, or have been at variance with, 
other available critical data. This has commonly 
l)een the case where the supporting investigations 
have been concerned chiefly with one particular 
aspect of photosynthesis, such as the organic 
chemistry of the plant pigments, or fluorescence 
phenomena, or induction, or energy relations, or, 
in general, too few of the known major variables. 

Very few mechanisms liave been concerned 
with detailed kinetic expressions based upon 
clearly defined physico-chemical schemata. At- 
tention previous to 1905 was centered mainly 
upon the three ‘'cardinal conditions” of minimum, 
optimum, and maximum, and, for some fifteen 
years following, upon the essentially qualitative, 
Blackman Principle of Limiting Factors (8), or 
upon the modification of this principle with re- 
spect to differentiation between relative and ab- 
solute minima. It is chiefly since aliout 1920, 
commencing with the outstanding, and to date un- 
surpassed, work of Warburg, that quantitative 
data covering many variables have been treated 
in terms of catalytic reaction kinetics. Most of 
the conceptions developed prior to this period 
have already served their period of usefulness, 
and have passed into discard in this sense. It is 
only reasonable to suppose that the outlooks pre- 
sented in this s 3 rmposium will eventually, in the 
course of a decade or so, have shared the same 
fate. It would, of course, be unhealthy to assume 
a very different attitude ; in the problem at hand, 
the emphasis definitely lies on usefulness, or 
means to ends, not on ultimate correctness. In 
the words of G. N. Lewis (30, p. 6), 

*‘The scientist is a practical man and his are 
practical aims. He does not seek the ultimate but 
the proximate. He does not speak of the last 


analysis but rather of the next approximation. 
His are not those beautiful structures so deli- 
cately designed that a single flaw may cause the 
collapse of the whole. The scientist builds slowly 
and with a gross but solid kind of masonry. If 
dissatisfied with any of his work, even if it be 
near the very foundations, he can replace that 
part without damage to the remainder. 

“The theory that there is an ultimate truth, al- 
though very generally held by mankind, does not 
seem useful to science except in the sense of a 
horizon toward which we may proceed, rather 
than a point which may be reached.” 

Scope of Proposed Mechanism. The mechan- 
ism advanced will define the nature and minimum 
number of light and dark reactions required to 
represent accepted knowledge and herein present- 
ed deductions concerning the action of the best 
known of the external and internal factors in- 
volved in photosynthesis by commonly studied 
chlorophyllous plants. Photosynthesis will be 
represented by a reasonably unique, physico- 
chemical mechanism involving at least the five 
factors, carbon dioxide, light, temperature, chloro- 
phyll, and an enzymic Blackman component, the 
last two being internal. Whereas the external 
factors are generally limiting only in intensity, 
the internal factors might exhibit both an intens- 
ity and a capacity limitation. The capacity limi- 
tation on the i>art of chlorophyll has long been 
demonstrated, in any case with certainty since the 
work of Emerson (14, 15), but the Blackman 
component has hitherto been treated as limiting, 
experimentally, only in intensity (concentration), 
it will be a sj>ecial feature of this paper to indi- 
cate the capacity limitation ( saturation by chloro- 
phyll intermediate) on the part of the Blackman 
component. The view that photosynthesis can be 
represented by a light and a dark reaction will be 
discarded in favor of a minimum of three or four 
light reactions, which may be grouped kinetically 
into one, and three recognisable dark reactions, 
of which the light reactions can be neither the 
first nor the last. 

Each detail of the “minimum” kinetic mechan- 
ism developed will be supported by one or more 
lines of evidence, and will be inconsistent in no 
particular with information and understanding at 
hand. The mechanism is to be regarded as a fairly 
rigid skeleton mechanism, but one easily capable of 
undergoing flexible, consistent expansion as fur- 
ther experimentation may indicate. As a tool for 
the simplification and unification of previous re- 
sults, and by virtue of its concise kinetic, mathe- 



166 


Dean Bu»i< anp Han« Lineweaver 


matical expression of fact, it should be useful in 
(I) suggesting exi>erimentation, particularly in 
connection with new variables not already treat- 
ed ; (2) testing mechanisms developed from other 
points of view, chiefly non-kinetic; and (3) ori- 
enting interpretation of independent, often minor, 
findings not sufficiently interrelated for the pres- 
ent to be critical with respect to any mechanism. 
No attempt will be made, in the space available, 
to enter into any detail concerning the last two 
considerations, but a number of critical experi- 
ments suggested by the kinetic equations devel- 
oped will be outlined to provide important exten- 
sion of present information, and, in instances, 
testing of the mechanism on the Imsis of its pre- 
dictions. 

The minimum mechanism proposed will be seen 
to resemble in various details certain mechanisms 
advanced by previous investigators, and indeed, to 
derive much of its support from them, especially 
in the cases of the mechanisms of Willstatter and 
Stoll (45), Warburg and Uyesugi (43), Shibata 
and Yakushiji (36), Ghosh (22), James (25), 
Emerson and Arnold (16), van den Honert (37), 
and Muller (34). In this connection, however, it 
is desired to stress the point that the suppe^rting, 
deductive evidence in the present case is in sev- 
eral important respects original and uniquely de- 
terminate. Thus the COo-chlorophyll complex 
suggested by Willstatter and Stoll (45) on the 
basis of direct chemical evidence may be totally 
unrelated to the C 02 -chlorophyll complex indi- 
cated by kinetic data. The resemblances appear- 
ing may thus often be superficial. A similarity 
in final form is therefore not so significant as a 
comparison of tlie actual deductions involved. The 
mechanism offered is definitely at variance, in one 
or more important aspects of omission or commis- 
sijon with the following mechanisms which we 
l^ve examined in detail: Baly and Morgan (7), 
Ij^merson and Green (18), Baly (5, 6), Kautsky 
(26), Conant, Dietz, and Kanierlmg (13), 
Adams (1). 

The proposed mechanism presents new features 
as just indicated, and, in particular, derived and 
tested reaction kinetics. The kinetics developed 
will express the rate of photosynthesis as a func- 
tion of steady states and equilibria affected by 
the commonly recognised external and internal 
factors. Limitation of space available here re- 
quires postponement of consideration of the rate 
in continuous light as a function of time (induc- 
tion), the rate in flasliing light as a function of 
insufficient dark periods and low light intensities 
and carbon dioxide pressures, fluorescence, wave- 
length and energy relations, carbohydrate pro- 
duction, and organic chemistry of the plant pig- 
ments. 


finally, because of the comparative singularity 
of the process of photochemical reduction in Na- 
ture, in being limited essentially to plants, it is 
believed preferable, once a fundamental mechan- 
ism of photosynthesis has been established with 
some generality, to regard it as holding in all 
(chlorophyllous) plants until demonstrated other- 
wivse. Experience shows that, with a process so 
highly specific, it is unlikely that Nature would 
develop a wide variety of fundamentally different 
paths. One may well expect a “Unity in Na- 
ture“, as shown in various ways so ably by Kluy- 
ver and mem1)ers of his school. It is better not 
to take the view, a priori, that each species or 
group of plants is a new problem in important 
qualitative paiticulars. In this connection it is 
desirable, if possible, to have available as com- 
prehensive a kinetic treatment as factually per- 
missible, which will, under differing limiting con- 
ditions, in different plants, reduce by loss of 
terms to differing simpler kinetic equations, all 
consistent with the same fundamental nieclianism. 

Goodness of Fit, It became very clear in the 
course of our analysis, that it is easy to over- 
emphasize the importance of an excellent or sur- 
passing agreement of data with mechanism, when 
a small numlier of variables, two or at most three, 
are under consideration. It is usually necessary 
to assume limiting conditions often not actually 
obtaining, and such fits frequently represent, in 
spite of all desire to the contrary, a considerable 
degiee of fortuitousness. In the complex systems 
under consideration, seemingly excellent fits will 
often produce deceptive aspects of simplicity, 
tending to obscure ai)proximations in a manner 
that is perhaps gratifying, but assuredly imma- 
ture. It is well known that an equation in one 
or two independent variables, in which there are 
several arbitrary constants, can express such a 
variety of experimental data that there is often 
no practical significance to such a fit. These state- 
ments arc not to be regarded as any attempt to 
lessen the value of accurately determined con- 
stants, but to indicate that, in a large problem 
like photosynthesis, their interpretation requires 
much, of the approximative, statistical outlook, 
and a judicious balancing of probabilities. As 
Clerk Maxwell has said (11, p. 178), “Experi- 
ment furnishes us with the values of our arbitrary 
constants, but only suggests the form of the func- 
tions.” We know now, of course, that the dis- 
tinction implied is more relative than absolute 
(32, p. 229). In any biological system there are 
usually too many variables operating to allow of 
“al>soIutc proof' of the nature of the processes 
underlying observed quantitative relations, and 
hence decisions must often be based on general 
probabilities. Nevertheless, as A. J. Clark (12) 
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points out, ‘However complex an overall process 
may be, whether a biological or purely chemical 
reaction, what one measures usually, is far more 
often than not, but one or at most two or three 
elements of the complexity ; the problem then, is 
not to expect a complete description of the com- 
plete overall process, but to find out wliat clement 
or elements it is that are being measured; and 
then possibly further, having found these to 
change conditions so that not these same ele- 
ments, but new elements are measurable ; and so 
on till all elements of interest have been investi- 
gated so far as available technique will permit. 
As a matter of fact, certain particular elements of 
an overall process will prol>ably in general be of 
more interest than the process as a whole/' The 
problem of photosynthesis probably rei)rcsents an 
exception to the last statement ; at any rate, such 
a view will be adopted in this paper. 

As more factors become studied and introduced 
into a broad problem, qualitative tests, involving 
analysis of general shapes and tendencies of 
curves, assume more significance, and exact quan- 
titative fits still more, even. In this sense, a com- 
plication of analysis should be welcomed. It is 
then desirable to pr(x:eed in the following manner 
when practical. ( 1 ) Evaluate certain constants in- 
dependently of the kinetic treatment (such as by 
determining the disvsociation constant of the COa- 
chlorophyll complex by direct gasometne meas- 
urement in the dark — without involving photo- 
synthesis. (2) Obtain families of curves where 
the velocity of photosynthesis is studied as a 
function of two or more vaiiables in a para- 
metric manner. The expression of the data 
for each new jiarameter studied may differ 
only in those constants involving the para- 
meter, and furthermore they may differ only 
in a definite manner so that the constants are no 
longer arbitrary. (3) Obtain certain constants 
by employing practically limiting conditions. In 
this manner one should be able to reduce the num- 
ber of arbitrary constants to zero, one or two, and 
if a fit is still obtained over the whole range of the 
several factors, the proposed mechanism may be 
expected to be highly significant. In these con- 
nections it is perlmps wxll to recall the words of 
Ingenhousz, the discoverer of the role of light 
in carbon dioxide reduction by plants, “Natural 
knowledge can make but very slow progress in 
the hands of those who have not patience and as- 
siduity enough in pursuing one and the same ob- 
ject, till they discover some things undiscovered 
before ; or till they find tliat the difficulty of the 
undertaking surpasses their abilities/' 

It is unfortunately true that, essentially with- 
out exception, there are no photosynthetic data 
which have b^n obtained and replicated in a 


manner tliat would permit adequate determination 
of the statistical probability of the functions ob- 
tained, by some such method as Pearson's Chi 
Test, involving knowledge of the standard devia- 
tions and weightings as functions of the variables 
(32, p. 229; 10, p. 38; and cf. James, 25, p. 32). 
This same consideration has recently been urged 
in regard to many physical data, in several papers 
by W. E. Deming, and is only the more pressing 
in regard to available photosynthetic data of a 
kinetic nature. 

For the present, then, a fairly good qualitative 
agreement between data and rigorously defined 
mechanism involving many variables would ap- 
pear to deserve more attention, in general, tlian 
an excellent fit obtained with one or two variables 
on particular data which will not readily submit 
to close examination for either random or system- 
atic errors. We are only now on the verge of iin 
era wherein the greatly more desirable, accurate 
quantitative fits with tnany variables should be 
obtainable. In the words of G. E. Briggs (9, p. 
39), “The data for photosynthesis are so numer- 
ous that the time seems ripe for the more precise 
formulation of theories, many of which have been 
but vaguely suggested and rarely put to a quan- 
titative test. The process of formulation, testing, 
and rejection or refinement, must necessarily be 
tedious — It is well, too, to recall Priestley’s 
remark, **Thcory and Experiment necessarily go 
liand in hand, every process being intended to as- 
certain some particular hypothesis, which in fact, 
is only a conjecture concerning the circumstances 
or the causes of some natural operation’' (35, p. 
259) ; or, in the later words of Rashevsky. “ — in 
its future development the theoretical research (in 
biology) will have to go liand in hand with the 
experimental, and ask of the latter infonnation 
which may not yet be available, and for which 
the ex})ermienlal scientist would even not have 
looked/' (23, p. 6). 

The rather extended nature of the introductory 
discussion provided in this paper has arisen in 
part from the fact that in the course of our 
studies we have come to have the opinion forced 
upon us that the broad problem of photosynthe- 
sis involves a great many matters of scientific ad- 
vocac> going beyond purely experimental aspects. 

N onienclature and Conventions. The follow- 
ing significance of symbols will be assigned 
throughout this paper: (CO 2 ) will represent the 
measured concentration of carbon dioxide, with- 
out necessary commitment as to hydration or ionic 
dissociation; (Chit) the concentration of total 
“effective” chlorophyll, reckoned as amount per 
unit volume of cells, without regard to either 
molecular weight (molecules per photosynthetic 
unit (4) ) or possible non-homogeneity of distri- 
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bution; (Chi), concentration of free (uncom- 
bined) ‘‘effective’' chlorophyll; I, the incident 
light intensity, normally assumed to be essential- 
ly equal to the transmitted light intensity ; T, the 
temperature; (E) the concentration (amouflt per 
unit volume of cells) of a free enzyme concerned 
in the Blackman reaction; and y the experiment- 
ally observed steady state rate of photosynthesis. 
Physical diffusion, frequently involved, or other 
incidental factors (chemical reactions) affecting 
the availability of CO2 as well as variable light 


nection with thc^ following variables: T, I, 
(CO3), (Chit), (E), sp^ific and indifferent nar- 
cotics, and intermittent illumination. 


dark 

kje-««/8T 

(I) 

cm + CUa .r — 

complex. 


kije-*^’’ 


light 

kal 

(ii) 

complex, 

complex,, 




dark 

Blackman 

reaction 

dark 


Complexn + E Complex-E 

k7e-^/«T 

Complex-E > Chi + E + Product 


(III) 

(IV) 


intensity (Beer’s law) are here regarded as com- 
paratively uninteresting phenomena incidental to 
the main chemical mechanism under considera- 
tion. These factors shoM be removed expert- 
mentally wherever possible or at least the data 
obtained should be validated by the correct analy- 
tical treatment; such phenomena where concerned 
will be specifically mentioned separately. H2O 
will not be considered as a variable since no criti- 
cal data as to its kinetic role are available. The 
importance of such physiological factors as chro- 
matophore aggregation and orientation, stomatal 
opening, pH, variation of experimental material, 
species etc, are not to be neglected, of course, 
when definitely demonstrated. The defined prod- 
uct of photosynthesis will be O2 gas without 
necessary commitment as to any carbohydrate- 
like material. The point of elimination of O2 
though placed in step (IV) is not definite. Ex- 
cept where otherwise indicated, the rate of photo- 
synthesis in flashing light will refer to experi- 
ments in which the intervening dark periods were 
sufficiently long to give maximum yield. The 
kinetic treatment will be based in part upon meth- 
ods outlined earlier (10a) and the data will be 
taken chiefly from studies on lower green plants, 
with a certain emphasis on Chlorella (pyrenoida- 
sa), Hormidium, Fontimlis and Gigartina har- 
veyana. 

Proposed Mechanism 


Kinetics, Let k'l = k^2 == 

etc., with k^I temperature insensitive. 
The total concentration of chlorophyll, free and 
combined, is 

(Chit) = (Chi) + (Complex,) + 
(Complex,,) + (Complex-E) 1 

and that of the enzyme is 

(Et) = (E) -f* (Complex-E). 2 

The steady state rate of photosynthesis is 

y = k'i(Chl)(CC)2) - k'2(Complexi) 

from (1) 3 

= Ikjj( Complex,) from (II) (k'4 negli- 
gible) 4 

=: k'B(Complexii)(E) — k'e( Complex-E) 

from (III)' 5 

= k'7(Complex-E) from (IV). 6 

From Eq. 6 

(Complex-E) = y/k'7 7 

From Eqs. 2, 5, and 7 

8 

(Complex,,) = y(k'7 + k'o)/k'5[k'7(Et) — y] 
From Eq. 4 

(Complex,) = yAal 9 


Schema A, This schema represents a reason- 
ably general minimum mechanism which is con- 
sistent with chemical and kinetic experience and 
is deduced from the several major facts now es- 
tablished for many chlorophyllous plants in con- 


From Eqs. 3 and 9 

(Chi) = y(k3l + k'2)/k'ika(C02)L 10 

Substituting Eqs. 7, 8, 9, and 10 in Eq. 1, one ob- 
tains 


k'ik8(Chlt)(COa)I 

k',k8(C02)I[l/k't + (16 + k^)A'5{k'T{Et) - yU + k'lCCOa) -f k»I + k'a ‘ 

/(» 
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12 

Let D IA't 4 - (k'T + k'«)A»{k't(Et) - y) 

When (E) = (E*) or y corre- 

sponding to the Blackman factor being unliiniting 
in capacity (negligiUy saturated), 
then 

13 

D = [k'5(Et) -1- k'e -H k'73A'Tk'5(Et). 
a constant. 

Substituting D in Eq. 11, letting k'l = 

etc., and dividing numerator and denominator by 

g-(h/BT^ one obtmns 


The ( CO 2 ) may be corrected for respiration in 
schema A by an equation analogous to that of 
James (25, p. 23) if with James we let r repre- 
sent a constant rate of supply of COa by respira- 
tion so that £qs. 16 and 17 become 

y = k'(CO'a) - k"(C 02 ) +r 18 
and 

(COa) = k'(CO' 2 )A" - (y - r) A" 19 

James, treating the steps, including diffusion, that 
occur before the Blackman reaction, postulated 
essentially the same mechanism as schema A (cf. 


14 


kikgl (COa) (Chit) 

Dk8kiI(C02) -1- ki(C02) + kale^*/*"" -f k2e'‘b-‘»*)/BT 


Schema B, This schema is identical with A in 
reactions (I) and (II) but substitutes for (III) 
and (IV) the reaction 

Complexii * Chi -f- Product (IV)' 

so that 


also Maskell, 33). He does not however give a 
complete general kinetic equation, either explicit 
or implicit. With Ghosh (22) (see later) he 
gives treatments depending on a Blackman factor 
practically unlimited in capacity. Also he speaks 
of the light-formed intermediate (by consecutive 
light absorption ) corresponding to Complexn, as 


kik,I(C02) (Chit) 

k8kiI(C02)k8-W“’’ + ki(C02) + kale'i'''®'*' -f- k2e"J>-‘»')/BT 


thus D in Eq. 14 is replaced by lAsC"’**''®’'. 

This mechanism is consistent with all data that 
do not involve saturation of the Blackman en- 
zyme, if ks is allowed to vary somewhat from ex- 
periment to experiment 

Data derived under the condition of mechani- 
cal diffusion or its eijuivalent may be both recog- 
nized and made intelligible in view of the follow- 
ing considerations. Let CO'a l)e the external and 
COa the internal carbon dioxide. We may then 
write as liefore 

k' 

CO'a ^ COa 
k" 
and 

y = k'(CO' 2 ) - k"(COa) 16 

when (COa) = [(CO'a) - yA']k'A"- 17 

so that Eq. 14 may be altered in a definite manner 
to include diffusion in the treatment. When 
making the linear test-plots with respert to (COa) 
(suggested later) when diffusion is limiting the 
quantity [ (CO'a) — yA'] may be used conveni- 
ently in place of (COa) (i.e. [(CO'a) — yA^J/y 
is plotted against [(CO'a) — yA'], see Table I 
and Eq. 25). 


a peroxide. Table I, figure 3, and figure 5 of his 
paper (25) demonstrate the agreement of data 
with this mechanism, particularly with respect to 
diffusion. In his section on temperature James 
apparently was unaware that the general kinetic 
equation (not reported by him) may be used to 
show what conditions arc necessary to cause dif- 
ferent reactions to be controlling (cf. p. 36 of 
his paper and our Table II). 

The following equations are explicit solutions 
of equation 14 for (COa) in the absence and 
presence of diffusion limitation respectively, when 
k' = k" and r = 0. 

ykm — y® 

(COa) = no diffusion 20 

y®k„ — ykp + k. 


(CO'a) = 1 with diffusion 

k' y*ka — ykp •+• ka 

Where k„ = k'T(Et) 

K = k'ldt'r + k,l)A't(k'a + k,I) 
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kp 


k'tkaI[k'5(E,) + k', + k'T + k'aCChlO] + k',{Et)k'Bk'T 

k^(W+P^) 


(Chlt)k'T(Et)ksIk'i 

k, 

ksl + k'a 

In the presence of diffusion but when y «. 
k'rfE,) 

yk,-//k' 

(CO'a) = 22 

kt — y 

where 

[k«I + k'a + k'ik,I(Chlt)/k']k'Tk'5(Et) 

k, = 

[k',(Et) + k'e + k'T] kak'il + k'ik'Tk'B(E,) 

k8l(Chlt)k'7k'B(Et) 

kt = 

[k'B(Et) + k'« + k'Tlkal + k'Tk'5(Et) 

from which it may be seen that at high values of 
I and at low values of y (i.e. low values of 
(CO'a)) 

y = (CO's)kVi(Chlt)/[k'i(ChU) + k'] 23 
and if k'i(Chlt)>>k' then 

y = k(CO' 2 ), 24 

which shows the significance of the first linear 
portion of y vs. (CO'a) plots where diffusion is 
limiting. 


25 

(C 02 )/y = tl/kaln + D/n^iCO^) + 
l/k'iti + k'2/k8lk'in 

26 

l/y = [l/k'in(C02) + D/n]I + 
l/kan + kVk 8 k\n(C 02 ) 

Evaluation of Constants {Equation 14), Em- 
ploying the value of D given by the assumption in 
Eq. 13 or employing schema B, Eq. 14 has essen- 
tially only the variables (COa), I, T and (Chit). 
If T, (Chit) and (Et) are maintained constant 
and the external variables (CO 2 ) and I varied to 
obtain a family of parametric curves, one may 
evaluate each of the constants in Eq. 14 in terms 
of (Chit) by direct analytical treatment of the 
experimental data. 

The data of Harder (22a) have been treated in 
the proposed manner by Ghosh (22). Although 
some doubt has l)een cast upon the validity of 
these data it should be pointed out that since both 
I and (CO 2 ) have been varied over a significant 
range they represent the most comprehensive data 
available for this treatment. The paper of Ghosh, 
which seems to have been largely overlooked, un- 
doubtedly takes a leading rank in the matter of 
previous kinetic treatment of photosynthetic data. 

Table I shows the types of linear plots, and the 
significance of the slopes and intercepts that may 
be employed in evaluation of the constants of Eq. 


Table I. Evaluation of Constants for Schema A (D Constant) by Linear Plots 


Column No. 

1 

2 

8 

HBI’ 

5 

6 

I'ype of plot 

(COa)/y 
vs. (COa) 

I/y vs. I 

Slope (1) 
vs. l/I 

Slope (2) 
vs. l/(COa) 

Intercej)t ( 1 ) 
vs. I /I 

Intercept (2) 
vs. lACOa) 

Slope 

lAsIn^+D/n 

l/k'i(COa)n | 
+ D/n 

D/n 

D/n 

lA'm 

l/ksn 

Intercept 

l/k'iu + k'a/ 

ksk'iln 

lAsn + k'a/ 
k8k',(COa)n 

lAsn 

1/k'in 

k'a/ksk'm 

k'a/ksk'm 

Variable (s) 
= 0 at 
intercept 

(COa) only 

I only 

Both 

(COa) and I 

Both 

(COa) and I ; 

Both 

(COa) and I 

Both 

(COa) and I 


*n = (Chit) 


Table I gives an analytic method of evaluating 
the constants in 1^, 14 by linear plots when dif- 
fusion is not limiting and when D is a constant 
(Blackman factor of unlimiting capacity). The 
forms of the ‘‘single reciprocal” plots correspond- 
ing to colunuxs 1 and 2 in Table I are : 


14. In the case of each of the six plots the lin- 
earity and the existence of a positive intercept, 
when the independent variable equals zero, con- 
stitute tests of the mechanism. It is evident 
from the table that two independent evaluations 
of D/n (where 1/D s= ki in graph and n =: 
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(Chit) ), kan and k'ln and two evaluations of k 
depending on the values of kan and k ^n, may be 
made so that additional tests of the mechanism 
are given by this required consistency. The con- 
stants so dirtermined may be employed to make 
comparisons between yc«ic and yob«. 



Figure 1. SuperimpositioQ of Harder’s data 
(22a). The solid line is the theoretical curve con- 
sistent with the constants and the points are the 
transposed observations. The abscissa is either 
C X Multiplier or 1 x Multiplier as indicated in the 
inset. 

Fig. 1 shows the data of Harder united in a 
single plot. This was done by noting that when 
I is constant, Eq. 14 takes the fonn 

y = ymax a(C(),)/[l + a (CO,)] 27 

and when (CO,) is constant, the form 

y = y'iu«xa'l/(l + aT) 28 

ymax = kBln/(l + lykal), /max = k'xn(COo)/ 
[1 + k'lDCCO,)] and a and a' are the “multi- 
pliers^’ of Fig. 1. If one plots y/ymax against the 
appropriate multiplier x (CO,) or multiidier x I 
the curves should superimpose (cf. Fig. 1). Fig- 
ure 1 also gives the values of the constants and 
ymax reported by Ghosh and tlie values of the 
multipliers calculated therefrom and used by us in 
superimposing the data. 

The degree of saturation with respect to either 
CO, or light when the other variable is considered 
infinite, may lie calculated consistent with this 
treatment in the following manner: when both 
(CO,) and I are infinite ymax = y'max = n/D 
==: 77. The highest value of ym«x obtained was 
(2.18)18/[1 + (2.18)18/77] = 26, which cor- 
responds to only 34% saturation with respect to 
light at infinite CO, concentration. Similarly, 
the highest experimental value of y'm»x obtained 
was 28, which corresponds to only 36% satura- 
tion with respect to CO, at infinite light intensity. 
The 34% saturation with respect to light means 
that when (CO,) is infinite 34% of the Chit 


would be in the form Complexn + Complex-E 
and 66% in the form Complexi, the ratio Com- 
plexii/Complex-E is essentially constant (a re- 
sult of the assumption regarding the Blackman 
factor Eq. 13). The 36% saturation with re- 
spect to CO, means that when I is infinite 36% 
of the Clilt is in the form Complexn + Complex- 
E and 64% in the form Complexi. 

It is desirable to point out five facts with re- 
gard to Harder’s data and the fit obtained in Fig, 
1 : ( 1 ) The linearity obtained in the various 

plots of Table I was not convincing, due in part 
to lack of data (only four points per plot), and 
so it does not seem pertinent to report these plots. 
(2) The combined data do not show any pro- 
nounced trend but the high probable error does 
not allow us to be too critical. In triplicate ex- 
periments reported by Harder the percent devia- 
tion varied from 1 to 8 with an average of about 
3.5%. Of the 32 calculated points only 5 devi- 
ated from the observed by more than 8% and the 
average deviation was only about 4%. (3) The 

superimposition of the various curves Ims been 
carried out in a consistent manner in contrast to 
an cuf hoc choice of multipliers which would 
superimpose any given related or unrelated rec- 
tangular hyperixilae (4) In making such an 
analytical analysis it is evident tliat experimental 
data that attain considerably greater degrees of 
saturation with respect to lx)th (CC),) and I than 
35% would be highly desirable. (5) The fit of 
a family of curves rather than individual curves 
obviously possesses much greater significance with 
regard to a proi)Osed mechanism. (J)wing to the 
uncertainty of the data the results of this treat- 
ment neither disprove nor lend paramount sup- 
port to the proposed mechanism. The possible 
use of this anal>tical method, however, points out 
the desirability of possessing adequate quantita- 
tive data. 

Agreement of Mechanism with Data 

We shall consider in this section the facts from 
which the individual nature as well as the inter- 
relation of the reactions in schema A were de- 
duced. 

Reaction (/), The existence of a temperature 
coefficient at low values of (CO,) where y oc 
(CO,) is evidence for compound formation by 
CO, of some type. The existence of a chemical 
reaction before the light reaction with respect to 
a given CO, molecule is further confirmed by the 
observation that indifferent narcotics inliibit at 
both high values of I (where the Blackman reac- 
tion is limiting) and low values of I (where the 
light reaction is limiting (38, 39)). The observa- 
tion that indifferent narcotics (3) and ultraviolet 
light (2) decrease the maximum yield per flash, 
when adequate energy is contained in a Hash, is 
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evidence that they affect the complex formed be- 
fore the light reaction (i.e. Complexi) (see also 
16, the change in the dark time with thymol may 
be due to the Blackman reaction also being affect- 
ed, cf. 29). Evidence against CO 2 entering the 
Blackman reaction by collision, hence for the for- 
mation of a CO 2 complex before the light reac- 
tion, is given by the fact that the dark time re- 
quired for half maximum yield in flashing light 
experiments is essentially independent of (CO 2 ) 
(16, p. 411). A similar argument holds for chlor- 
ophyll (16, p. 413). 

The hyperbolic nature of the y vs. (CO 2 ) 
curves (linearity of the (C02)/y vs. (CO 2 ) and 
1/y vs. 1/(C02) plots, data of Warburg (39), 
van der Paauw, (38), Emerson and Arnold (16), 
Emerson and Green (19), James (25)) indicates, 
on the basis of experience, that CO 2 combines 
unit for unit with a constituent in the plant that 
is limiting in amount. By analogy with the kin- 
etics of enzymes such as invertase and amylase 
(extracellular) (31) and nitrogenase (intracellu- 
lar) (32) this would be interpreted as probably 
being due to reversible combination. Two addi- 
tional lines of evidence are available to support 
the proposed reversibility in step (I) : (1) It is 

seen in Table I that the value of the intercept in 
the (C02)/y vs. (CO 2 ) plot should vary with I 
if k '2 has a significant value but should be inde- 
pendent of I if k '2 = 0. The small amount of 
data available indicates that k '2 is not zero (31), 
(39), (38), (16), (22), (19), (24). (2) Emer- 
son and Arnold (16), in flashing light experi- 
ments where sufficient dark times were allowed 
for completion of the Blackman reaction and for 
equilibration of CO 2 with the plant constituent if 
an equilibrium occurs, or for complete reaction if 
reaction (I) were irreversible, obtained yields per 
flash which are approximately a hyperbolic func- 
tion of (CO 2 ) (cf, footnote c, Table III). Al- 
though the maximum yields as a function of 
(CO 2 ) do not give an excellent fit to a hyperbola 
(the experimental error is relatively high), the 
value of k' 2 /k'i obtained is at least comparable 
with those obtained in continuous light with I 
small or zero (extrapolated) (see Tables III 
and IV). Direct evidence with regard to the 
amount of ''effective" chlorophyll and confir- 
mation of the existence of such an equilibrated 
Chl-C 02 complex in vivo might be obtained 
if CO 2 uptake by e.g. Chlordla were meas- 
ured in the dark. Four criteria of signifi- 
cance exist for such data: (1) the range of 
pressures employed must correspond to that sen- 
sitive in photosynthesis (the dissociation con- 
stants evaluated must be comparable in the two 
cases) and (2) the uptake must parallel the "ef- 
fective" chlorophyll as determined by flashing 
light experiments (17, Fig. 2), (3) the uptake 


should be reversible and (4) the uptake should 
be sensitive to indifferent narcotics. The varia- 
tion of ChUtteetive may be obtained by method of 
culture, ultraviolet light inactivation or other 
means. ^ 

Reaction {II). This reaction is considered ir- 
reversible. The evidence is obtained from flash- 
ing light experiments of Emerson and Aniold 
(16). If after a light flash a significant part of 
Complexii were able to return to Complexi di- 
rectly, instead of proceeding through the Black- 
man reaction, the yield per flash (with sufficient 
dark time) would vary with variation in the rate 
of the Blackman reaction unless the coincidence 
occurred that the reverse of (II) varied in exact- 
ly the same manner. The irreversibility is thus 
supported by the observation that the maximum 
yield per flash remains constant when the rate of 
the Blackman reaction is varied by temperature 
and HCN (16, Figs. Sand 9). 

The fact that y vs. I curves are not concave up- 
ward requires that the light enter in a first order 
manner (not according to P or P etc.). Addi- 
tional evidence is given by the observation that 
the maximum yield per flash is independent 
(within 9%) of I so long as the energy per flash 
remains constant (17, p. 202). This conclusion 
may be reconciled with the quantum efficiency of 
four oUained by Warburg and the minimum 
thermochemical (first law) quantum efficiency of 
three by: (1) postulating four consecutive light 
reactions, possibly interposed by sufficiently rapid 
dark reactions, with one reaction being consider- 
ably the slower or (2) postulating four consecu- 
tive or independent (not simultaneous) light ab- 
sorption processes (cf. James 25, p. 20). Dem- 
onstrated separability or inseparability of the light 
reactions (e.g. by very short light flashes) would 
be highly pertinent. The first order nature of re- 
action (II) with respect to a chemical constituent 
(i.e. Complexi) has been indicated by a small 
amount of data obtained by Emerson and Ar- 
nold (17, Figs. 1 and 4, linearity of ln(K — M) 
/K vs. energy plot where K = maximum yield, 
and M = yield per flash). 

The kinetic treatment (Eq. 14) assumes that 
the light intensity is uniform throughout the 
plant and would need alteration were this not the 
case (e.g. were the experiment performed in a 
manner that allowed the light intensity to de- 
crease logarithmically in accordance with Beer’s 
law, see James (25), Brackett (this volume), and 
others). The following rather unsatisfactory ex- 
ponential equation implicit in y rcsidts from 
schema A if it is assumed that the light intensity 
varies according to Beer’s law and that neither 
the Blackman component nor diffusion is limiting 
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y = k,l[l - exp,(-kk'i(COa){(Chlt)-y(k',+k'e)A'6tk'T(Et)-3/]4- 

lA'T+l/k'i(C02) }/{k'i(C03)+k'a} )] 


29 


where tlie first y temi in the exponent will drop 
out at high values of (COa) it k' 7 (Et) >>y. 
The function of y against (CO 2 ) is of a mixed 
hyperbolic-logarithmic type, demonstrating the de- 
sirability of experimentally eliminating this fac- 
tor. 

Reac^iofts (///) and (IV), Evidence tliat 
chlorophyll is involved in the Blackman reaction 
is bas^ on the fact that whereas decrease in y by 
lowering the value of I removes the characteristics 
of the Blackman reaction (39) (i.e. temperature 
and HCN sensitivit} ), decrease in y by lowering 
the chlorophyll concentration does not (IS). The 
temperature coefficient at high and low chloro- 
phyll concentrations is not greatly different (IS). 
In schema A reactions (III) and (IV), which are 
based partly on the general belief that the Black- 
man reaction involves an enzyme (41, 4S), are 
emplo}ed to account for the simultaneous obser- 
vations of a concave downward increase in y with 
(Chit) in continuous light (17, Fig. 3)* and the 
linear increase in yield per flash with (Chit) in 
flashing light ( 17, Fig. 2). In view of the com- 
plex nature of tlie system one test is, of course, 
little more than a bare indication and it becomes 
desirable that at least the following tests concur 
in their implications, ( 1 ) The above. (2) Since 
indifferent narcotics have been shown to decrease 
the amount of effective cWorophyll (IS, p. 414-S, 
cf. also 38, 39), if saturation of an enzyme causes 
the concavity in test (1) use of indifferent nar- 
cotics slKiuld remove the concavity, while if de- 
crease in (Rt) causes the concavity the curvature 
should be unaffected by the narcotics, (3) The 
apparent order of the Blackman reaction, as indi- 
cated by flashing light experiments at high values 
of I and (CO 2 )* should decrease from first or- 
der"*** as (Chit) is increased. Tests (2; and (3) 
neither demand that (Et) remain constant nor that 

* If the Blackman reaction involved were only (IV)' 
of schema B rather than as pictured in schema A 
the velocity of photosynthesis at high values of I 
and (CX)^) should Increase linearly with the chloro- 
phyll concentration. It Is to be noted also that, 
(E^) being held constant, were only a dissociation 

product of Complex^, involved in the enzymic Black- 
man reaction and not chlorophyll, the downward 
concavity would not be obtained unless there were 
inhibition of step (I) or /and (II) by the product or 
unless unlimited accumulation of such product oc- 
curred. 

•♦ln(K-M:)/K vs. time plots should be concave 
downward approaching a straight line at larger 
values of t (K - maximum yield, M ^ yield per 
ftaih). 


the same fraction of Chit l^e effective in photosyn- 
thesis (it requires only that the “effective” concen- 
tration of chlorophyll increase and of course l>e 
very large compared with (Et), which would 
seem reasonable). (4) Arnold (2) by using the 
effect of ultraviolet light on photosynthesis and 
the conclusion that the light reaction is first order 
(see Reaction 11) shows that one can obtain evi- 
dence of the order of the Blackman reaction by 
comparing the survival ratios in continuous and 
flashing light. The order with respect to Com- 
plexn as indicated by this method should vary 
from first to zero according as (Chit) increases. 
(5) When E is about saturated y should not be a 
hyperbolic function of I and (COo) (i.e. the y/ 
(CO 2 ) vs. (CO 2 ) plots should be concave up- 
ward). (6) When I and (CO 2 ) are large log y 
should be a curved function of 1/T over the 
range that is physiologically unharmful, the de- 
gree of curvatuie depending on the magnitude of 
AH etc. (see Table 11). 

Of the alx>ve proposed tests for E ‘saturation 
data are a\^ilal)le for (1), (4) and (6). Con- 
sidering (6), most of the temperature data at 
high values of I and (CO 2 ) give log y vs. 1/T 
curves concave downward (19, 15) --it is realized 
of course that this is more of a requirement than 
a proof. Considering (1) Emerson and Arnold 
( 17, Fig. 3, cf. Emerson 14, Fig. 3 and Fleisher 
20, Figs. 5 and 8, using a maximum value of 
(Chit) 75% that of Ref. 17) obtaine<l a Inpcr- 
l)olir y vs. (Chit) curve, the chlorophyll concen- 
tration at half maximum velocity being 1,5 x 10^ 
mols per cmm. of cells, hut a linear increase in 
yield per flash with (Chit). It is thus evident 
from these results, taken literally, that one of 
tliree explanations is neceswsary on the basis of the 
proposed mechanism, (a) the enz\me is becoming 
saturated or (b) the amount of enzyme per cell 
is decreasing, or (c) the variation in y with 
(Chit) is entirely incidental. (Ine would not ex- 
pect (b) to he the explanation ; instead an increase 
in (Et) would rather be expected and would tend 
to hide the concave nature of the curve (Table 
V). Although test (4) above indicated in two 
experiments that the Blackman reaction was first 
order it is doubtful if the chlorophyll concentra- 
tions were high enough to be .saturating as indi- 
cated by figure 3 of reference 17. The second, 
third, fourth and fifth tests would distinguish be- 
tween concavity due to variation in enz>me con- 
centration (b) or incidental factors (c) and sat- 
uration (a). Certainly some of these tests should 
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be performed when one obtains positive results by 
test (1). 

Correlation of somewhat indirect facts in terms 
of the schema includes (1) 3 to 6 fold variation 
of dark time required to give half maximum yield 
in flashing light (16), indicating variation in 
(Et) ; (2) smaller scattering of points when 
flashing light yields are plotted against (Chit) 
(17, Fig. 2), indicating that part of the scattering 
of the continuous light data (17, Fig. 3) is due 
to variation in (Et) ; (3) 10~* M HCN decreases 
the rate of photosynthesis in continuous light and 
increases the dark time in flasliing light so that 
the inhibition is respectively about 60 and 45% 
(16, p. 407), indicating that the same reaction is 
being inhibited in both cases ; Kohn (29) has also 
localized the effect of HoS, iodoacetate and aging 
to the Blackman reaction (aging presumably re- 
ducing the (Et) ) ; the HCN inhibition appears to 
be competitive since the inhibition decreases from 
40 to 25% when the (Chit) is increased 2.2 fold 
(15, Table IV). Inhibition by the “specific nar- 
cotic’’ hydix)xyamine (36) should be studied in 
flashing light. (4) The rate in continuous light can 
be calculated from the rate in flashing light (17), 
indicating, in agreement with the mechanism, tlrnt 
the system is not essentially altered when flashing 
light is used (see also section on induction). (5) 
On the basis of the dissociation constant 1.5 x 
10"^ M Chit per cmm. of cells given for (HI) 
90% saturation of E would occur at about 15 x 
lOr-’ M. (6) The AH of (III) might be deter- 
mined by measuring y as a function of (Chit) 
with high values of I and (COa) at two or more 
temperatures (this of course involves the usual 
assumption that (HI) is essentially at equilibri- 
um). 

Temperature. The implications derived in the 
past (39, 37) from variations in the rate of pho- 
tosynthesis with temperature demand a detailed 
analysis of the proposed schema in the light of 
this variable. Table II, in agreement with ex- 
periment (Warburg, 39, Table 4), gives the tem- 


perature coeflidents under limititig conditions de- 
rived from schema A. This combination of tem- 
perature coefficients cannot be represented by less 
than three reactions (cf. (5), (18), (7) and 
(10a)). If diffusion were limiting srit low values 
of (CO2) the kinetic equation would reduce to 
log y = — Q7RT + constant (Eq. 24), where 
corresponds to the practically negligible tem- 
perature coefficient of diffusion (cf. 37). 

Emerson and Green (18) have reported data 
on the photosynthetic activity of har» 

veyana, Chlorella vulgaris, Chlorella pyrenoidosa 
and Hormidium flaccidum at high (limiting) 
values I and (CO2). These conditions yield log 
y = — log D + constant (schema A), which only 
becomes linear in l/T subject to the assumptions 
in the footnotes of Table 11. From the data be- 
tween 8 and 28® C the value of the Q term may al- 
most be represented as a constant (ca. 12,000 cal) 
within experimental error. More definite knowl- 
edge with regard to the prolmble error in the 
temperature range between 8 and 1®C and the 
degree of saturation with respect to light and 
CO2 would allow more definite inference from 
the observed rapid increase in the temperature co- 
efficient over this small range for C. vulgaris and 
G. Juin>eyana. The variations in terms of the 
mechanism may be clue either to I and (CO2) not 
being large enough or to the limitations set out 
in Table II. 

Data of the same authors on C. pyrenoidosa 
and Gigartina show temperature independence at 
low values of I and high values of (CC)2), as pre- 
dicted and in the case of Gigartina a smaller tem- 
perature coefficient at high values of I and low 
values of (COu), corresponding to Qi (6000 to 
12,000) in the mechanism (Table 11), than with 
C. pyrenoidosa. Their interpretation for Gigar- 
tina that it seems probable that the lower temper- 
ature coefficient at low as compared with high 
CO2 concentrations is due in part to diffusion 
seems undesirable in view of the strict hyperbolic 
nature of y as a function of (CO2) (19, figure 4, 


Table II. Log y as a Function of Temperature Under Limiting Conditions of I and (CO*) 


1 

High (CO2) 

Low (COj) 

High I 

—log -f- constant 

— Qx/RT + constant 


[-log D* + log(Chlt)] 

r-g,/RT + log ki(C02)(ChIt)l 

Low I 

constant 

(Qs— Qi)/RT + constant 


IH-log k,I(Chl.)] 

[(Q2 -Qi)/RT + log kxksI(C02)(Chlt)/ka3 


’^‘When y<<k'7(Et) (apparently true at ordinatr Chit concentrations) and k'7<<k'a (fre- 
quently the case with enzymes) — log D becomes fog k'7k'n(Et)/[k'5(Et) + k'6] and if Q5 = 
Qe or k'e<<k'5(Et) then log D = Qt/RT -f constant; or if k'6>>k'5Et then — log D = 
(Qe— Q5 -- Qt)/RT "f constant. 
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Table III. Observed Contplex-COt Dissociation Constants (K) in Photosynthesis 


m 


Inveetigator 

Warburg (30) 

Emerson and 
Arnold (16) 

van der 
Paauw (38) 

ESmerson and 
Green (19) 

Harder (22a) 

Organism * 

Chlorella 

pyrenoldosa 

Chlor^la 

pyrenoldosa 


GIgartliia 

harveyana 

Fonttnalls 

Oondition 

high light 
intensity 

continuous 

Ught 

light 

2 X 16-* M 
phenylurethane 

high light 
intensity 

variable 

light 

T*C. 

25 10 5 

24 3 

24.3 5.9 

20 

15 

22 

Relative Vbm» 

3.7 2.1 1.0 

4.3 

1.0 




Kx 10«* 

BBBI 

24 

6-10*5 

■Di 

1.1 I 

.016^0 KHCOs” 


a. K la based on tbe concentrations of CO, In the gas phase, mols per liter (see b) (0 01% COj^ in gas 

phase 4,46 k 10-^ mols per litre in gas phase 3.12 x 1(H mols per liter in liquid phase for 16-y 
*co2 ““ Values uncorrected for light intensity (see b). 

b. Harder’s data, given in % KHCX)^, are corrected to I 0, the observed values of K at lowest and 
highest light intensities being 0.626% to 0.20% KHCO3 respectively. 

c. A constant internal (respiration) CO^ supply factor, which corrects the imposed CO^ concentrations 
in contrast and in addition to the usual technical respiration correction (cf. Eq. 18), may be used, 
and yields a better fit to a hyperbole. The factor is to be added to the CO^ concentration, and has 
the reasonable value of about 3 in the investigators’ units. 


Table III) an alternative is that a different chem- 
ical reaction ( hence a different temperature coeffi- 
cient) IS limiting (Table II). The difference for 
the two organisms, which is not exceptionally 
great, may be clue to somewhat incomparable con- 
ditions of light and C ()2 or possibly to actual 
variation in Qi with the organism. The sugges- 


tion (19, p. 831) tliat the rate of photosynthesis 
is a logarithmic function of (C 02 ), while true for 
the experimental range observed, leads to the 
physico-chemical absurdity of zero velocity at a 
finite CO 2 concentration. 

From the flashing light experiments of Emer- 
son and Arnold (16, Tables IV and V) one may 


Table IV Observed Complex-COt Dissociation Constants (AT) in Photosynthesis, 

Diffusion Evident 


Investigator 

Hoover, Johnston and 
Brackett (24) 

van den Honert (37) 

van der 
Paauw (38) 

James (25) 

Organism 

Trltlcum 

(Marquis variety) 

Hormidlum 
(Honert strain) 

Honnldiuin 

(Pringsheim 

strain) 

Fontinalis 

T«C. 

22« 

120 

20® 

20® 

20® 

Relative 

light 

intensity 

1 26 4.0 5 5 60 

3.1 

1.0 3.1 



Relative 

1 2.6 4.1 5.4 60 

1.1 

1.0 1 75 

— 

— 

K X 10»‘ 
Method 

2.3 1.3 1.0 

1.2 

14 12 

1.3 

2.3 

K X 10**’ 
Method A* 

” c* 

3.2 

2.0 


(0.5) 

2.0 




a. See note (a), Table III. 

a'. As (a) but corrected to I 0. 

b. See reference (31), p. 664. 
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Table V. Curvature <;f y vs. (CMt) Plot; Theoretic^ Qmd^Hve 
Significance {Schema A) 


Change of (Ep 
per cell as 
(Chl^) increases 

£ 

iziappreclably 
saturated (<10%) 

K 

appreciably 
saturated (>35%) 

No change 

(1) linear 

(4) concave downward 

Increases 

(2) concave upward 

(5) concavity < in (4) 



to concave upward 

Decreases 

(3) concave downward 

(6) concavity > in (4) 


get the order of magnitude of KComplexi = kV 
k'l at 24*3® and 5.9°C. The values as determined 
are respectively 6 — 10 x 10”® M and 5 x 10~® M 
so that the AH of dissociation by the van’t Hoff 
equation is of the order of 1300 to 6200 caL* 

Baly (6), employing the data of Emerson (15), 
has reported a tit of a family of curves on photo- 
synthesis as a function of temperature, chloro- 
phyll l)eing the parameter, by an equation of the 
form, log y/(K — y) = log Kj — Q/RT. The 
significance of the fit, of course, depends on the 
implications of the equation. A general explicit 
expression for what appears to be Baly’s schema 
(i.e. reactions (1) and (2) of his paper (p. 224) 
and the second equation on p. 219, all considered 
irreversible, and a reaction in the form of reac- 
tion (I) of our schema A, which would seem to 
be implied by his use of the Langmuir adsorption 
formula) can be reduced to his equation 2 (p. 
220), depending on the magnitude of one term. 
(Equation 2 as derived by Baly shows K as in- 
cluding bA, which may itself be temperature sen- 
sitive.) 

It is demonstrated in the reduced explicit solu- 
tion that the first constant term, corresponding to 
Baly's K, should vary directly with (Chit) or the 
extinction coefficient, which obviously was not 
done (p. 222). Furthermore, K/(Chlt) should 
bear a constant relation to Ka (Ka corresponds to 
kac/kil in Baly’s equation 2), The relative ratios 
of K/(Chlt) to K 2 employed, however, were 1, 
3.47 and 1.76. Finally the value of K 2 should be 
indq>endent of (ChU) — the variation that Baly 
has allowed in K 2 would correspond to something 
like a 2 to 5 fold change in (CO 2 ). It is doubt- 
ful if Baly’s fit of Emerson’s family of tempera- 

* The order of magnitude of Koompiex^ is confirmed 
in continuous light for several organisms (Tables 
III and IV). Of definite comparative interest is the 
heat of dissociation of nltrogen-nitrogenase of 0 
1000 caJ (32); on the other hand, with oxygenroxy- 
genase, oxygen-hemin compounds, and carbon mon- 
oxide-reduced blood, the heats of dissociation are 
considerable (10, p. 37), 12,000 to 22,0(X) cal. 


ture curves is of any more than empirical sig- 
nificance, first for the above reasons and second 
because it is not known to what extent secondary 
experimental factors are in operation at the high- 
er temperatures. In the great majority of enryme 
reactions one must neglect considerable subopti- 
mal portions of the activity-temperature curve in 
the region of the optimum. Even before the op- 
timum is attained some secondary incidental fac- 
tors are operating. 

Further consideration of the proposals of Baly 
(6) exposes the following important considera- 
tions. ( 1 ) A scmiewhat artificial and unnecessary 
method of correlating the flashing light results is 
used (p. 220). (2) Baly’s assumption of the 

necessity of both red and blue light is not in ac- 
cord with the fact that photosynthesis takes place 
quite readily in red light alone, K = 610 — 690 
m/i, or in >ellow light alone, A = 578 m^A (42). 
He also indicates the use of only two quanta, 
which is not in accord with the accepted four or 
minimum three quanta requirement. (3) Caro- 
tene and xanthophyll are implicated in the mech- 
anism but the manner in which xanthophyll is re- 
duced to carotene in the cycle is not suggested. 
It would no doubt be convenient to have the re- 
duction require light. The assumption that the 
concentration of carotene (p. 220) is large is puz- 
zling in view of the fact tliat in many plants the 
total amount of yellow pigments is about 20% of 
the total chlorophyll and similarly the amount of 
carotene is about 20 to 25% of the total yellow 
pigments. (4) The formation of chlorophyll b 
liy Baly's mechanism would suggest that it would 
be possible to find a shift in the relative amounts 
of the a and b pigments in the presence and ab- 
sence of photosynthesis. This has not been shown 
to be the case. (5) His treatment of poisons is 
consistent with competitive and non-competitive 
inhibition theory for enzymes. Table XI, p. 237 
of his paper gives an interesting comparative cal- 
culation. 

Induction and Fluorescence, The quantitative 
aspect of induction wilt not be treated here. Qual- 
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itatively, by the building up of intermediate 
steady state concentrations, the schema would cer- 
tainly permit an induction period. Without com- 
mitment as to the importance in photosynthesis of 
fluorescence and of monodehydrochlorophyll pos- 
tulated by Willstatter (44) and Franck (21) it 
should be pointed out that schema A may har- 
monize, by addition, with such considerations. The 
duration of induction, 1 to 2 minutes, may liear 
some relation to the fluoresence studied by Kaut- 
sky and co-workers (26, 27, 28). It would be 
desirable to extend the temperature HCN, indif- 
ferent narcotic, photosyiithesis quotient and even 
flashing light studies of induction and fluorescence 
to determine whether a step or steps in schema A, 
or some additional reaction is responsible. The 
facts that there is no induction at low light intens- 
ity (40) and that induction has a temperature 
coefficient (van der Paauw 38, Qto = 2.2 for 
Hormtdium) suggest that it has to do with a 
dark reaction. Such a dark reaction of course 
would of necessity occur after the light step (11). 
The requirement of five minutes to return to dark 
equilibrium (40) (which incidentally tends to 
validate the extrapolation of flashing light results, 
where dark times of the order of hundredths of 
seconds VNere used after an appreciable adjust- 
ment period, to continuous light data) points to 
the conclusion that the induction is controlled by 
an additional reaction or reactions since evidently 
the data from which schema A was deduced were 
obtained after time had removed this phenomenon. 

Schemata Invohitu/ CO 2 after the Light Reac* 
tion and E before the Light Reaction. It is pos- 
sible to place CO^ after the light reaction with 
respect to a given molecule or unit of CO 2 hut 
certain apparently necessary deductions make 
such schemata at [ircsent less desirable considera- 
tions. The simplest scliema designated as schema 
C, may be rqiresented as follows : 


k,I 


Chi > Complexi 

(I)" 

ICae-Oa/RT 


Complexi > Complexn 

(II)" 


slow 


Complexu -s 


rk3e~o./KT 

> Chi + heat 


(III)" 


+ CO3 ► Product + Chi 

(IV)' 


The kinetic equation derived as before is : 


which is in exactly the same form as Eq. 14, 
when the factor D is constant (Eq. 13), with the 
exception of the temperature term at high values 
of I and low values of (CO 2 ). The following 
considerations would seem to be sufficient to make 
this mechanism untenable : ( 1 ) In order to ex- 

plain the fact that the yield per flash at high 
values of I and (C02) is independent of temper- 
ature it is necessary to assume that (III)" and 
(IV)" have the same temperature coefficient. 
(2) In order to explain the independence of the 
dark time on (CO 2 ) (16, p. 411) it is necessary 
to assume that (III)" is much faster than (IV)". 
This requires however that the yield be propor- 
tional to (CO 2 ), which is not the case (16, p. 
411), and it does not allow a high efficiency at 
low values of I. 

A schema D may be described in which reaction 
(IV)" is replaced by the two reactions 


k^e-Q^/KT (IV)"' 

Complexn + CO 2 ^ Complexm (practi- 

kr,e“^/^T cal equilibrium) 


k^e-Q^/RT 

Complexiii ► Product -j- Chi (V)'" 

The kinetic equation will be essentially the same 
as Eq. 31 for continuous light. The deductions 
for flashing light would remove objection (2) 
above but not (1). 

Unity of Carbon Dioxide Reduction 
IN Nature 

It appears to us very possible that througliout 
Nature carbon dioxide is reduced chemically, not 
photochemically, from the standpoint of mechan- 
ism. We would suggest that in Nature a funda- 
mental mechanism has been established which 
operates in an essentially uniform (non-photo- 
chemical) manner throughout the three major 
classes of autotrophic organisms : 1 , the chemo- 

synthetic bacteria, which employ chemical energy 
only in the overall process of reduction; 2, the 
photosynthetic (or, better, photo-chemosynthetic) 
bacteria, wdiich ultimately employ both chemical 
and radiant energy simultaneously; and 3, the 
green plants, which ultimately employ radiant 
energy only, in the overall process. In all cases 
CO 2 niay combine chemically with some sul)- 
stance (or catalyst) and be reduced; the sub- 
stance which it has oxidized is then reduced back 
to its original state: respectively, 1, chemically; 
2, chemically and photochemically; and 3, photo- 
chemically, By this conception, the proposed 


y z =2 


kik4k2(Chlt)I(C02) 


31 


kik4l(C02)e«^»» + kjk^CCOa) + Ikie«‘/»T(k8e'«*-«>>/«'^’ + kj) + ksksef^*-^**/®'^ 
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common autotrophic meclmnism for reducing 
COa (as to a stage approximately (CHaOn) 
might well liave been originally established, from 
the evolutionary view, in the strictly chemosya- 
thetic organisms (class 1). Later, after many 
organic comixjunds had been evolved, including 
pigments capable of utilizing radiant energy, the 
autotrophic mechanism would then have been aug- 
mented, in classes 2 and 3, by a photosynthetic 
mechanism capable of reducing, not CO 2 , but 
some product which C '02 has oxidized in becom- 
ing reduced, 

"J'his simple, evolutionary outlook is not for- 
mal; it indicates that, in Schema A, reduced car- 
bon may appear — to some (small) extent — as an 
addition product in reaction (I), before the light 
reaction has taken place. Some additional reduc- 
ing component may be involved in reaction (1), 
indicable either as an additional reactant or reac- 
tion, but in any case the overall formation of 
Complexi must of course be reversible, and cap- 
able of preceding only so far, until supplied fur- 
ther with energy by reaction (11), in the sense 
that reaction (II) removes a product of reaction 
(I), the substance oxidized by COg. The mech- 
anism of Conant, Dietz and Kamerliug (13) pro- 
vides for a chemical reduction of C( >2 specifically 
by chlorophyll, in higher green plants, and is 
l>ased on certain chemical evidence. It bears only 
a certain resemblance to the more general view 
advocated here, which is applied to all autotrophs. 

Summary 

A scliema for photosynthesis has been pre- 
sented which should enable general thinking to 
adopt particular representations. The schema or 
minimum mechanism consists of a composite of 
light reactions grouped kinetically into one light, 
and three essential dark, reactions; the group of 
light reactions represents neither the first nor the 
last but rather the second reaction with respect to a 
given CO 2 molecule. The schema has been deduced 
from photosynthetic data concerned with the fol- 
lowing considerations, often studied under several 
combinations of limiting conditions : the carbon di- 
oxide and chlorophyll concentration functions; the 
light intensity function; the temperature coeffi- 
cients ; flashing light experiments that involve or- 
ders of reaction and dependence of maximum 
yield and of time required for half completion of 
the dark reaction on temperature, €(>2 concentra- 
tion, chlorophyll concentration, HCN, etc.; the 
effect of indifferent and specific narcotics in both 
continuous and flashing light experiments; the 
characteristics of the Blackman reaction; and dif- 
fusion. 

The schema suggested by these factors has in 
turn suggested other important lines of attack. 
The following have been considered : ( 1 ) method 


and desirability of analytic analysis of light and 
CO 2 data and approximations involved, (2) the 
criteria of significance to be used when CO 2 up- 
take is measured in the absence of photosynthe- 
sis, (3) the use of indifferent narcotics to test the 
possibility of Blackman eiuyme saturation at high 
chlorophyll concentrations, (4) confirmation of en- 
zyme saturation by accurate determination of the 
order of the dark reaction as well as the maxi- 
mum yield per flash at high dilorophyll concen- 
trations, (5) further confirmation by comparing 
the survival ratios with regard to ultraviolet light 
treatment in continuous and flashing light as a 
function of chlorophyll concentration, (6) separa- 
tion of the composite light reactions (e.g. by de- 
creasing the length of the light flash), (7) repe- 
tition of certain work with adequate determina- 
tion of the statistical probable error and potential 
consistent error as well as with proper regard for 
and determination of critical ranges of variables 
and critical experiments. 

The following considerations are believed to be 
new either in proof or deduction: (1) the rever- 
sibility and reaction order of step (I) demon- 
strated by flashing light data and linear plots, (2) 
calculation of the order of magnitude of the dis- 
S(K:iation constant (5 x ]0~® M CO 2 in the gas 
phase) and AH (4000 cal.) of step (I), (3) the 
separation of the Blackman reaction into two 
parts liased on the non-linear increase in y as a 
function of chlorophyll concentration (apparent 
saturation of an enz}me), (4) the magnitude of 
the dissociation constant of step (III), 1.5 x 10“® 
mols per cmm. of cells, (5) competitive inhibition 
by HCN in steps (III) and (IV), and *(6) cer- 
tain parts of the kinetic treatment such as indicat- 
ing four possible temperature coefficients at limit- 
ing values of I and (CO 2 ). 
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Discussion 

Dr. Briggs : The very condensed form in 
which the suggestions in this paper* are given 
renders discussion difficult. Perhaps iii the fol- 
lowing comments I may be guilty of misconstru- 
ing their meaning. The genei*al form of the 
schema is the same as that suggested by myself 
(2) except tliat a hypothetical "‘substance S, 
which may be cliloropbyir was assumed to com- 
bine with carbon dioxide. In that paper the 
schema was used to explain induction j>hases. In 
a paper (3), now in press, the schema has been 

• 1. e. 10a. 


used to interpret the results of experiments with 
intermittent illumination. There it is shown tliat 
experiments with constant illumination are in 
general agreement with the schema, but stress is 
laid on the complications in most assimilatory 
systems — heterogeneity of illumination, inter- 
action of respiration and assimilation, etc., — 
which render interpretation of the results difficult. 
The development of the equations differs from 
that by Burk and Lineweaver. Firstly it is not 
assumed that the reverse reaction in II can be 
neglected. The reasons for this are given in de- 
tail in the paper referred to above (3). Since 
with high intensities of illumination only a small 
fraction of the energy absorl>ed is utilized in 
assimilation, much must be lost. In the schema 
suggested the reverse of II is the only stage 
where loss can occur. Secondly, allowance is 
made for the fact that D, in equation A, is a 
function of y. I assume that “the Blackman re- 
action is apparent first order” means first order 
as regards activated complex of chloroph}!! and 
COa and refers to the argument of Arnold (1) 
from the fact that exposurue to ultraviolet light 
depresses the rate of assimilation in bright light 
to the same extent whether the latter is continu- 
ous or flashing. As I have pointed out (3) this 
result is open to other interpretations than the 
one that practically the whole of the catalyst E is 
in the flee form. Only with these simplifying 
assumptions is equation A explicit in y. Without 
them y is not proiX)rtional to CHltotm. The fact 
that in general there is this lack of proportionality 
suggests that the simplifying assumptions are not 
justified. 

Ref. 12 in the paper of Burk and Lineweaver 
assumes that variation of yield per flash in flash- 
ing light with variation of length of dark period 
is a measure of the dark period reaction. In the 
above paper (3) it is shown that the assumption 
is justifiable only when the concentration of car- 
bon dioxide is so great that re-foiniation of the 
complex is complete however short the dark period 
and when the flash is so intense that the wIkjIc of 
the complex is activated, otherwise the amount 
of activated complex will depend upon the 
amount left at the end of the dark i)eriod. 

Dr. James \ It is perhaps a weakness of the 
proposed theory that it assumes (in common with 
other such theories) tliat the rate of the photo- 
reaction itself is proportional to “light intensity”. 
The term is not clu.scly defined in the published 
paper* and so we cannot be sure of the author's 
concept. Experimentally light intensity is usu- 
ally measured in terms of energy incident on 
a surface at or near the surface of the photo- 

1. Arnold, W. (1938). J. gen. Physiol. 17, 146. 

2. Briggs, G. E. (1933). Proc. roy Soc. B, 118, 1. 

3. Briggs, G. £. (1935) Biol. Rev. (in press). 
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synthesising organ. Apart from difficulties due 
to the different qualities of the energies measured 
and those photosynthetically active, the rate of 
the photoreaction will only be proportional to the 
intensity of the effective incident energy (‘*light^’) 
under restricted conditions, affecting both the 
physical and chemical aspects of the system. The 
nature of these conditions I have endeavored to 
set out in another place (New Phytol, 33^ 8, 
1934). They are rather stringent, and leaves 
with a complex distribution of chloroplasts, or a 
deep algal suspension (the systems most fre- 
quently used in this type of work), depart rather 
widely from the physical requirements. On the 
chemical side, since there is little probability of 
the reaction having a unit quantum efficiency, 
further assumptions are necessary that do not 
seem to be provided for in the suggested scheme. 
Possible alternatives are a series of photore- 
actions, a photoreaction involving the simultaneous 
impact of more tlian one quantum (such a pos- 
sibility does not seem to have been disproved for 
so complex a molecule), or gain of energy in a 
thermal reaction. Tht fact that qualitative and 
occasionally semiquantitative predictions of re- 
sults can be made with the (apparently) simple 
relationship suggested should not blind us to the 
theoretical complexities ignored. We might thus 
l)e blocking the road rather than smoothing it for 
further progress. 

The term ‘Varbon dioxide concentration*' is 
also somewhat ambiguous. It seems to be as- 
sumed that the ‘‘incidental physical diffusion of 
carbon dioxide*' may l)e neglected in predictions 
of rate, and that (CO 2 ) may stand indifferently 
for the measurable external concentration and 
concentration at the chloroplast surface. This is 
far from the truth at moderate concentrations. I 
have been able to show that considerable varia- 
tions of rate result from adjustments of the dif- 
fusion path (Proc. Roy. Soc., B, 103, 1, 1928), 
and the very elegant experiments of van den 
Honert show that the short passage through the 
cell wall, etc., to the chloroplast (estimated at a 
few rrxfi) has well marked effects. The use of bi- 
carbonate solutions to evade this difficulty is ob- 
jectionable since they cause ol)servai)le depression 
of photosynthetic rates even at low concentrations 
(New Phytol., 1934). A general kinetic scheme, 
as distinct from one applying only to special and 
restricted cases, cannot, therefore, afford to ignore 
this term. An improvement is made by the 
adoption of even so simple an expression as 

y = r-f- [(COuh- (C02)i]/d 

where e and i indicate “external" and “chloroplast 
surface" concentrations respectively; d a resis- 
tance term which is large since we are dealing 


with hydrodiffusion, and r the respiratory contri- 
bution of carbon dioxide which may perhaps be 
neglected. Since the carbon dioxide hsLS to pass 
not only through a simple water layer but also 
through an approximately semi-permeable mem- 
brane, the value of d above may be considerably 
greater than that of the hydrodiffusion constant 
for carbon dioxide. 

It is a formal necessity of the equations that 
the Blackman reaction should be regarded as pro- 
ceeding in two steps; otherwise obvious discrep- 
ancies arise between the theoretical predictions 
and observed results. If the reaction is enzym- 
ically catalysed two steps are highly probable on 
general grounds. So far this reaction has been 
subjected to but little direct study, and it is, 
therefore, with great interest that I learn that 
Burk and Lineweaver consider that “It con- 
sists observably of two con.secutive reactions." 
The publication of the full details as promised 
should do much to strengthen the position of 
theories such as theirs and my own at one of the 
most speculative points. 

Dr, Boysen Jensen: It is with great interest 
that I have read the note in Nature by Burk and 
Lineweaver on the kinetic mechanism of photo- 
synthesis. I feel that I am not quite competent 
to discuss the problem, as my own investigations 
on photosynthesis deal with the ecological aspect 
of this process, and have been carried out with 
leaves of higher plants ; undoubtedly lower plants 
will fit much better for kinetic studies. 

1 agree that the four reactions, I - IV, arc 
rather probable, but I think that it is too early to 
set up a kinetic equation with a series of con- 
stants that we are not able to estimate, wherefore 
we cannot check the correctness of the equation. 

Some 25 years ago, physical chemistry was the 
great hope of physiology, but in niy opinion the 
great expectations in regard to this branch of 
science have only to a very small degree been ful- 
filled. For instance, as to the kinetics of en- 
zymes, we have a large number of papers that 
nobod>' reads. The great progress in physiology 
has not been attained by setting up “laws", but 
through a more quantitative study of reactions in 
the living organism, through attempts to divide 
complex reactions into simple ones with isolation 
of intermediate products, and through discovery 
of physiologically active substances or hormones 
and vitamins; in my opinion organic chemistry 
has yielded more to physiology than has physical 
chemistry. 

It seems to me that the most promising way, in 
analyzing the mechanism of photosynthesis, must 
he to secure better exjierimental evidence for the 
four reactions than we now possess, but I think 
it will be difficult. It will be claimed that the 
equations developed should be an aid to obtain a 
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better insight, and should that be the case, I sliall 
of course receive every progress with delight. 

Dr. Burk and Mr, Lineweavcr: It must lie 
mentioned that Dr. Briggs, Dr. Janies, and Dr. 
Boysw Jensen were provided only with our short 
note in , Perusal of our longer text, 

and our discussion in Bracketts paper, will 
show that we are in quite general agreement with 
their comments, and that we liave treated or al- 
lowed for most, or all, of the very clearly ex- 
pressed suggestions they have offered in regard 
to variable light intensity, variable diffusion re- 
sistance, respiration carlxin dioxide as affecting 
substrate concentration, four-quanta requirement, 
explicitness of y (D being the determining fac- 
tor), and estimation of constants. The first three 
factors we are inclined to regard as incidental to 
an eventually determined chemical mechanism (in 
the sense of Rollefson, below), and to be 
avoided experimentally wherever possible, or 
where this will often be impossible, corrected for 
analytically by the simplest possible assumptions. 
The following differences of opinion or outlook 
may now be noted, in regard to the criticisms 
submitted. 

We should not like to impiv that the hypotheti- 
cal ‘‘substances (whichmay l)echloroph)ll)’’em- 
plo}ed by Briggs results in any more than a 
difference in nomenclature (we have been a bit 
more specific in regard to a definite physico- 
chemical schema). However, we do not liave a 
feeling for the “nover^ inhibitor mechanism. Re- 
action (II) need not be reversible, as stated by 
Briggs, since a low efficiency at even high 
CO 2 may be obtained if light is degenerated by 
being absorbed by complex TI, which can presum- 
ably undergo no further photochemical reaction. 
As complex I becomes (irreversibly) converted 
to complex II, the efficiency must necessarily de- 
crease, since the only light absorlier capable of 
converting the radiant energy into chemical energy 
is then being depleted. Furthermore, if reaction 
(II) were reversible, it would seem difficult to 
explain the high efficiency at low I since the frac- 
tion of complex II lost to the photosynthetic cycle 
should be independent of the concentration, other 
factors being held constant. 

The evidence we employed in favor of an ap- 
parent first order Blackman reaction, given in the 
text, is not based on Arnold's data, which is, we 
agree, easily open to the other interpretations. 
We are also in complete agreement with Briggs' 
final paragraph. 

Although, as James indicates, it is a priori 
probably a formal necessity that the Blackman 
reaction be written in two steps, our treatment at- 
tempts to show to what extent actual saturation 
of the enzyme is involved, as distinguished from 
mere amount limitation, which has long been 
highly probable experimentally. As James points 


out, the emphasis of interest lies on the “observa- 
bility" of the saturation (cajxicity limitation). 

Boysen Jensen will no doubt be interested 
to note the large number of constants which have 
been estimated for reactions 1 - IV in the case of 
the explicit solution of Mechanism A (D con- 
stant, not a function of y). All constants for 
Harder's data, in terms of Chit, which itself 
might also have been measured, are reported. The 
accuracy of the determinations of the constants 
would of course have to be greatly improved with 
much more extensive data; Harder’s data were 
used only for the purpose of illustration. In re- 
gard to the remarks on the influence of physical 
chemistry in physiology, with which we agree of 
course, Harris (23) lias recently pointed out sim- 
ilarly that genetics “upon coming of age has be- 
come more and more qualitative" and that it can- 
not do so without having serious repercussion in 
the whole science of biology. In our opinion, 
however, the problem of photosynthesis is essen- 
tially too non -biological to share either of the 
fates indicated by Boysen Jensen or Harris, 
but will tend progressively to become more 
and more quantitative, as commented upon in our 
Introduction. In other words, we are inclined to 
believe that the major interest in photosynthesis 
has already turned from physiolog}', is perhaps 
now chiefly concerned with physico-chemical as- 
pects, and will proba])ly eventually be of particu- 
lar interest in physics, for which it now presents 
a unique photochemical problem, namely, an en- 
dothermic reaction requiring several quanta. 

Dr, Rollefson : The “mechanism" presented 
in the paper is not a mechanism in the same sense 
that that term was used during the first wxek of 
this symposium, inasmuch as no attempt is made 
to specify the chemical nature of the molecules 
involved in ever} step. "J'he four relationships 
which have been given mav he thought of as rep- 
resenting the result obtained by dissecting the rate 
equation into parts and writing a generalized type 
of chemical equation to conform to each part. 
These parts are then arranged in a sequence 
which permits the explanation of facts other than 
rates. Such a procedure gives a framework 
which is useful in setting up mechanisms using 
specific chemical molecules. 

Dr, Burk: I am glad to have this point 
brought up. In the text it is only briefly indi- 
cated in an explicit manner, although to a large 
extent implicitly. We are definitely limiting our 
treatment of the problem, in this paper, to what 
we called in the introduction a “physico-chemical" 
mechanism, as distinguished from a medianism 
involving all chemical aspects. We have set down 
a “kinetic" mechanism with which, assuming its 
correctness, established and to-be-established facts 
of a more generally chemical nature (specific 
chemical molecules) will presumably have to be 
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consistent. At present there are relatively more 
facts known about the kinetics of photosynthesis 
than about most of its other aspects, and this ac- 
counts, in part, for our point of approach. 

Dr, Rollefson : I would like to point out that 
derivation of the correct rate law from a mechan- 
ism is not suificient to prove the mechanism cor- 
rect. It is often possible, even in relatively 
simple systems, to set up a number of mechanisms 
which will give the correct rate law, and the de- 
cision between these must be made on the basis 
of other observations such as the chemical prop- 
erties of the assumed intermediates. 

Dr, Burk: Yes. We have remarked else- 
where (32), in a discussion of the same treatment 
applied to enzymes, or to homogeneous or hetero- 
geneous catalysis generally, that detailed analyses 
of kinetic data determine wdiat mechanisms may, 
but not necessarily do, hold, and in particular 
eliminate certain mechanisms which definitely do 
not hold. Non-conformity of a set of data with 
a given mechanism eliminates that mechanism un- 
less closer analysis indicates that some consistent 
experimental error might be involved. Needless 
to say, all due caution is necessary in concluding 
that a reaction follows a certain mechanism be- 
cause a set of data fits a certain equation. Lack 
of extensive data might also be responsible for a 
misleading agreement of data with an assigned 
mechanism. The direction of purposeful experi- 
mentation is in any case the more evident. 

Dr, Rollefson: Your procedure may be l<x>ked 
upon as a particular solution, and not as a gen- 
eral solution which is capable of excluding all 
“physico-chernicar' mechanisms which do not fit 
this form. 

Dr, Burk: For several years we adopted the 
view that we were dealing with a particular solu- 
tion, but during the past year we have come to 
believe that without inserting a large number of 
additional ad hoc reactions, our minimum mech- 
anism is reasonably unique, except for certain 
qualifications given in the text, and that it ex- 
cludes all other mechanisms inconsistent with it, 
at least so far as the plants, data, and accuracy 
of data involved are concerned. We have com- 
pared it with all the many and known major 
mechanisms proposed heretofore, and also with 
many arbitrary ones set up by ourselves. But 
apart from this process of elimination, it must 
not be forgotten that there is a fit of sevepl 
score qualitatively different facts, consistent with 
our best chemical experience, and that under this 
condition the number of possible fits, or types of 
fits, is in any case reduced to two or three at 
most. For the problems of orders and sequence 
involved, the answer is highly determinate. We 
are, therefore, inclined to regard our mechanism 
as being not far from a general solution for the 
known physico-chemical aspects, barring a detail 


here and there. Our expectation is that each 6£ 
the four reactions given will eventually be con- 
sistently expanded into two or more sub-reactions 
which it will be possible to observe analytically 
under properly arranged experimental conditions. 

Dr, van Niel: If the number of light reac- 
tions is, let us say, 2, 3, or 4, is it not possible 
that your system of equations becomes very dif- 
ferent from the system you actually write ? 

Dr. Burk : No, at least not necessarily. The 
whole, overall light reaction is very fast, but one 
reaction may be much slower than any of the 
others, in harmony with the observation that in 
continuous light the light intensity never enters 
to more than the first power (order). 

Dr. Mestre: Do I understand that in Reaction 
(II) you postulate that there are four continuous 
light absorptions without any dark reactions oc- 
curring in between? 

Dr. Burke: No, they may occur, but they 
must be of the right (sufficiently high) veloci- 
ties. 

Dr. Brackett : Is the location of the enzyme 
consideration with respect to the limiting light re- 
action, or to all photochemical reactions? 

Dr. Burk: To all of them presumably. This 
limitation does not arise, of course, until a con- 
siderable concentration of Complex II is built up, 
which means high I at high Chit and at least 
moderate (COa). 

Dr. Brackett: If there were a light reaction 
sul^sequent to the slowest light reaction, in which 
the dissociation of the products were limiting, 
wouldn’t that exert an influence similar to that of 
the postulated enzyme ? 

Dr. Burk: No, not if we accept the flashing 
lifdit experiments showing independence of yield 
in the time of the light flash. 

Dr, Brackett: Is there a tacit assumption that 
unless the chlorophyll concentration is varied by 
some artificial means it remains constant through- 
out an experiment? 

Dr. Burk : Yes. 

Dr. Brackett: We have observed such varia- 
tions in apparent chlorophyll concentrations under 
varying conditions of illumination. Where points 
are taken rather slowly over considerable lapses 
of time, even several hours, it may be conceivable 
that the experiment is not dealing with the same 
amount or condition of chlorophyll during the 
whole experiment. 

Dr. Burk: Yes that is conceivable, but is pre- 
sumably a negligible consideration for most of the 
very short time experiments we have in general 
considered. It undoubtedly represents one of the 
innumerable factors occasionally operating unbe- 
knownst in pbotosynthctic experiments. 

Dr, Curry: Professor Trelease and I are ex- 
perimenting at Columbia University with photo- 
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synthesis in Chlorelta, using heavy water 
(Science, 82, 18, 1935), We find that the rate 
of photosynthesis is 0.4 that in ordinary water. 
It would seem that the diflference in rate cannot 
be accounted for by mere diffusion. We are still 
working, using pure heavy water under different 
conditions of light intensity and CO 2 concentra- 
tion. 

Dr, Burk : The mechanism and methods illus- 
trated in our paper should be of assistance in de- 
ciding in what reaction or reactions the heavy 
water as well as the ordinary water enters. Thus, 
it may influence the apparent dissociation constant 
in reaction I, as narcotics or competitive sub- 
strates do, or it may compete or unite with E in 
reaction III -IV, as cyanide does, etc. If D 2 O 
is without narcotic effect and yet gives a different 
rate, photosynthetic activity as a function of H 2 O 
as a substrate may be determined by varying the 
ratio of H 2 O and D 2 O. Comparative exj)eriinents 
with flashing light and continuous light, under 
various limiting conditions, would be very advan- 
tageous, perhaps really necessary. 

Dr, Emerson: If your mechanism is so broad- 
ly defined tliat it covers all the different carbon 
dioxide functions shown in your slide, then I 
think it must include terms which are descriptive 
of processes outside rather than inside the cell. 
At present we must su])pose that the assimilatory 
process itself is always the same function of car- 
bon dioxide concentration, though the experi- 
ments available do not permit us to decide with 
certainty just what the function is. 

Dr, Burk: Our main, four-step mechanism 
refers to reactions located inside the cell, only. 
By adding an incidental fifth step, allowing for 
diffusion which may sometimes be involved, the 
mechanism then takes care of carbon dioxide 
functions possibly involved outside the cell. The 
treatment for the fifth step may, if necessary, 
vary, but so far the simplest possibility appears 
to suffice to cover most cases. The resuits of our 


analysis of published carbon dioxide functions, 
whether diffusion is involved of not (five or four 
steps) all agree in indicating a fundamental 
hyperbolic function with the constant of dissocia- 
tion not greatly different among different plants. 
The evidence is supplied in the table in the text. 
The function is sometimes altered by incidental 
factors which may reasonably be removed by 
analysis. 

Dr, Emerson : It should be pointed out that 
most of the studies on photosynthesis at low con- 
centrations of carbon dioxide have Ixien made in 
carbonate-bicarbonate mixtures. We do not know 
whether data obtained in this way are comparable 
with determinations in less alkaline media, and 
there is no doubt that some cells are irreversibly 
injured by the carbonate mixtures, although for 
Chlorella they appear to be quite harmless. But 
even for Chlorella, we are not yet certain that 
when we are dealing with low concentrations of 
carbon dioxide the rate of assimilation measured 
in an alkaline carbonate mixture is the same as 
would be found in a more physiological medium 
containing the same concentration of carbon diox- 
ide. 

You have attributed great importance to the 
effect of cyanide on the dark-time curves of 
Chlorella pyrenaidosa. You may be interested 
to know that the dark-time curves for Chlor- 
ella vulgaris do not show the same behaviour 
in cyanide. The inhibition does not vanish with 
increasing darktime. 

Dr, Burk : This may be due to an added, in- 
cidental effect of cyanide. The experimental ob- 
servations that the yield in flashing light is in- 
dependent of temperature and of evanide (at high 
CO 2 and sufficient dark periods) with C. pyren- 
oidosa do seem to us extremely important because 
of their bearing on whether light reacts before or 
after the entrance of CO 2 . They should be re- 
peated for many organisms. If not immediately 
confirmed a closer search for incidental disturbing 
factors is warranted. 
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THE EVOLUTION OF OXYGEN IN THE PROCESS OF PHOTOSYNTHESIS 

O. L. Inman 


Joseph Priestley (1) placed sprigs of mint 
under a belljar containing an atmosphere which 
had become laden with carbon dioxide from 
animal respiration, and showed that the air lost 
a large part of its carbon dioxide and gained 
^'dephlogisticated air” or oxygen. Oosely fol- 
lowing this demonstration, Ingen-housz (2) 
showed that green plants evolved oxygen only 
when in light. Soon Senebier (3), Theodore de 
Saussure (4), Boussingault (S), and later 
Dutrochet (6) announced that carbon dioxide 
was absorbed and oxygen evolved only by the 
green parts of the plants, and that the volume of 
the carbon dioxide absorbed was equal to the 
volume of the oxygen evolved. (The process of 
respiration was neglected in this work.) Bonnier 
and Mangin (7) used four methods in studying 
the ratio of carbon dioxide absorbed to the oxy- 
gen evolved or the “photosynthetic quotient.” 
They expressed their results in the form of 
O 2 /CO 2 and found a quotient greater than unity 
(1.05-1.3). Maquenne and Demoussy (8) gave 
the volume of carbon dioxide absorbed as equal 
to the volume of oxygen evolved in twenty-nine 
of thirty-four plants studied, Willstatter and 
Stoll (9), using a different method, reported a 
photosynthetic quotient (stated as CO 2 /O 2 ) as 
exactly one. Kostytschew (10) has brought out 
the fact that the CO 2 /O 2 ratio varies witli time. 
He found that in the beginning of photosynthesis 
much more carbon dioxide was absorbed from a 
6% concentration than oxygen was evolved. 
After a continued illumination, the relationship 
was reversed since, over longer periods of tinie, 
the ratio CO 2 /O 2 was unity. 

Knowledge concerning the photosynthetic 
quotient is valuable, since this relationship should 
give some evidence as to the oxidation-reduction 
balance within the plant cell, and thus throw light 
on the possible chemical nature of the compounds 
produced and the energy exchanges taking place 
in the mechanism of photosynthesis. While many 
refined methods for measuring more accurately 
the gases absorbed and those evolved have been 
introduced, the progress made in this study since 
the time of Boussingault has not been very 
marked. There yet remains a definite demand 
for a clearer understanding of the inter-relation- 
ship of the processes of respiration and photo- 
synthesis. 

The evolution of oxygen in vitro 

In 1901, Friedel (11) reported successful ex- 
traction of a yellowish substance from leaves 
which, when added to green leaf powder dried at 
100® C., would absorb CO 2 and evolve O 2 . 


Harroy (12) repeated this work and could not 
confirm Friedel s results. Usher and Priestley 
(13) described a method, using extracted chloro- 
phyll with and without sheep liver catalase and 
a pure culture of Beijerinck's luminous bacteria, 
which demonstrated that oxygen was evolved 
more readily from the chlorophyll films on gelatin 
when exposed to light in the absence of catalase. 
They felt tliat their experiments supported the 
view that extracted chlorophyll solutions when 
exposed to light would give off free oxygen. They 
also believed that the oxygen liberated was dep- 
rived from hydrogen peroxide. Ewart (14), 
Euler (15), Warner (16), and Inman (17) 
failed to confirm Usher and Priestley’s findings 
on the evolution of oxygen in vitro. 

At the present time most of the evidence sup- 
ports the view that oxygen is not evolved con- 
sistently, as in the natural photosynthetic process, 
in any artificially constructed cell model where 
the chlorophylls have been extracted from the 
plant by organic solvents and then exposed to 
light. Even in the case of the green and purple 
sulfur bacteria, the fixation of carbon compounds 
under the influence of visible radiation is not ac- 
companied by the evolution of O 2 * The failure 
to liberate free oxygen consistently over long 
periods of illumination, as in the normal photo- 
synthetic process of the green plant, holds true 
for all living and dead cells that do not possess 
unchanged chlorophylls. (Unchanged chloro- 
phylls are here defined as chlorophylls with 
typical absorption spectra, good phase test, and a 
normal basicity reaction.) When the etiolated 
plant is expo.sed to light, the formation of chloro- 
ph>Ils begins almost at once if oxygen, medium 
light intensity, and favorable growing tempera- 
ture are present. In the course of about two and 
one-half hours, the plant begins to show the 
presence of chlorophylls to the eye and the evolu- 
tion of oxygen can be detected upon illumina- 
tion. While these facts indicate the necessity of 
chlorophylls for the freeing of oxygen by the 
plant, it must not be assumed that any cell or cell 
contents possessing unchanged chlorophylls neces- 
sarily evolve oxygen upon radiation. There are 
other obligatory factors concerned in the normal 
mechanism of carbon assimilation by the green 
plant. 

The evolution of oxygen in the absence of the 
living cell 

Molisch (18), using Beijerinck’s luminous 
bacteria as indicators for free O 2 , concluded from 
his study of dried and heated leaves of many 
plants that cells which were not dried above 
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35® C. would retain the power to evolve oxygen 
for several days. In some cases he heated the 
dried leaves to 70 or 80® C. and was still able to 
detect the evolution of oxygen. His conclusion 
was that these dried leaves were dead and that, 
consequently, carbon dioxide could be absorbed 
and oxygen evolved by dead cells. Several work- 
ers criticized Molisch's conclusions, but little 
actual data was presented to support such criti- 
cism. Inman (mostly unpublished data) has 
studied the evolution of oxygen from the green 
plant using luminous bacteria as Molisch did. 
Unless otherwise stated, the data given below are 
the result of the use of fresh ground leaves of 
Trifolium repens, Zea mays, and Mehlotus alba. 
The leaves were ground with sand and all cells 
filtered out, the suspension of chloroplasts and 
pieces of chloroplasts and other cell constituents 
being used as the material from which the evolu- 
tion of oxygen was studied. The luminous tec- 
teria were mixed directly with the cell contents 
and the inactivation studied by measuring the 
time when the plant material no longer gave oflF 
sufficient oxygen to induce light in the bacteria. 

By use of this technique, many kinds of leaves 
have been dried and tested for the evolution of 
oxygen. Such leaves as Tnfolium repens, Meh- 
lotus alba, Hclmnthus annuus, Althea rosea will 
stand several days of dr>ing at 30-35® C. and 
still evolve oxygen when allowed to stand in tap 
water for several minutes liefore mixing with the 
bacteria. In the case of Nostoc sp. one and one- 
half >ears at room temperature has not been 
sufficient to inactivate the alga. While these 
results fully confirm Molisch^s work, it should 
be reported that grinding the fresh leaves 
thoroughly with sand and then drying the mac- 
erated tissue or drying the whole leaves and then 
powdering them causes much more rapid inactiva- 
tion. A very logical assumption here is that 
exi)Osure of a larger surface to the free oxygen 
of the air is responsible for the destruction of 
the power to evolve oxygen. Another fact to be 
noted is that fresh green leaves or seedlings of 
Zea mays or Melilatus alba, stored under nitro- 
gen, lose their power to evolve oxygen much 
more rapidly than when they are stored under 
air, air with 95% oxygen, or carbon dioxide. 
Examination of the chloroph>lls from these 
leaves inactivated by storage ’Under nitrogen re- 
vealed the fact that the chlorophylls had been 
changed so that either the absorption spectrum, the 
phase test, the basicity test, or more than one of 
these, was abnormal. Work on the radiation of 
pure chlorophylls and some of their decomposi- 
tion products under pure nitrogen, reported in 
this volume by H, V. Knorr, shows that a nitro- 
atmosphere is very conducive to rapid photo- 
decomposition of these compounds. In the case 


where the ground dried leaves become inactivated 
before the whole dried leaves, it is not the chloro- 
phylls that are changed but some other factor 
wliich brings about the inactivation. 


a. The effect of temperature upon the 
evoluHon of oxygen. 



Figure 1 shows the effect of varying tempera- 
tures on decreasing the power of the cell contents 
to evolve oxygen when illuminated. 


It will be noted from figure 1 that the effect 
of temperature as an inactivating agent in water 
solution shows the maximum at about 55® C., 
which is not far from the thermal death point for 
most unprotected cells. On the other hand, it 
was found that freezing and thawing the cell con- 
tents for 57 times with carbon dioxide snow liad 
no detectable effect upon the evolution of oxygen. 
The exposure of the cel! contents to liquid air 
for 30 minutes brought about no apparent in- 
activation. In fact, storage of the cell contents 
at low temperatures demonstrated that the lower 
the temperature, the longer the power to evolve 
oxygen remained. 

b. The effect of concentration of the cell 
contents on the evoluHon of oxygen 

It is easily observed that fi^re 2 indicates that 
any change in the concentration of the cell con- 
tents gives a marked change in the inactivation 
time and that the more dilute the solution, the 
nearer the approach to a straight line. 
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Figure 2 shows the effect of varying the concen- 
tration of the cell contents on the time of inactiva- 
tion of the process of the evolution of oxygen 11 
grams of Trifolium repens leaves to 80 cc tap 
water was taken as 100% 



Figures 3 and 4 show the effect of pH on the 
time of inactivation of the process of the evolution 
of oxygen at deflmte temperature and concentration 
of the cell contents Xrifollum repens was used 



c The effect of pH on the evolution of ox^^gcn^ 

In a rough way, the curves of figuies 3 and 4 
demonstrate that the evolution of ox>gen by the 
cell contents depends on the h>drogen-ion con- 
centration and gives a set of curves which ap- 
proximate a typical en/}me h}drogen-ion concen- 
tration activity curve. 

d The effect of enzymes on the evolution 
of oxygen?' 

Figures 5, 6, 7, 8, and 9 show that the amount 
of inactivation is almost directly correlated with 
the amount of enzyme added to the solution 
This would suggest that such a reaction is one 
whereby the trypsin directly combines with some 
cell constituent and inactivates it It is also to 
be observed tliat the trypsin acts readily with 
several hydrogen-ion concentrations. Pepsin was 
entirely ineffective at all hydrogen-ion concen- 

1 The Hildebrand titration method was used to test 
the pH Since the solution used is very heterogen- 
eous in nature, no attempt was made to correct for 
titration error It is quite certain any electromet- 
ric method introduces considerable error under such 
conditions 

2 The pH was determined here by the quinhydrone 
method 


FIGURE 3 
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tmtioas whkh could be used (pH 4.2--pH 8.1). 
Ercpsin ranml from quite indifferent to slightly 
effective. Amjrlopsin, diastase, urease, and pa- 
paine did not inactivate at all. Under the same 
experimental conditions as were used for trypsin 
pangestin acted about as trypsin. Northrup’s 
c^stalline trypsin was very effective as an inhi- 
bitor of the evolution of oxygen. 
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Figures 5, 6, 7, 8, and 9 show the effect of tryp- 
sin on the power of the cell contents to evolve oxy- 
gen under the inffuence of varying hydrogen-ion 
concentrations. The temperature was 30“ C. 

Discussion 

It is proposed here to introduce miscellaneous 
statements and raise questions, rather than to cite 
specifically published results which support the 
statements or answer the questions. 

Many of the proposed theories for explaining 
the mechanism of photosynthesis assume the for- 
mation of a peroxide of some type and the sub- 
sequent action of catalase on this to produce the 
free oxygen evolved. In studying the effect of 
temperature on the evolution of oxygen it is well 
to compare the effect of temperature on the de- 
struction of the catalase activity of the same cell 
contents. It has been found that the temperature 
inactivation curve for catalase is similar in na- 
ture to that found for the evolution of Os by the 
cell contents in light, but that the temperature 
range is considerably higher for catalase. The 
critical temperature for the evolution of oxygen 
in aqueous solution is about 55° C. regardless of 
the pH, and that for catalase about 70° C. 

When macerated leaves are dried, the power to 
evolve oxygen is soon lost, while the catalase 
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activity is much more gradually lost. With pH 
4.S the cell contents show a greatly reduced evolu- 
tion of oxygen, and the catdase activity is mark- 
edly diminished. At pH 8.0 the cell contents soon 
become incapable of evolving oxygen, while cata- 
lase activity is strong. If the macerated cell con- 
tents are shaken with glass beads for thirty 
minutes at room temperature, the power to evolve 
oxygen is lost, while the catalase activity is 
lowered to about one tenth of its normal. Hydro- 
xylamine strongly inhibits both the evolution of 
oxygen and catalase activity. Saturated NaCl 
and Ca'Cl 2 inhibit both reactions but act more 
effectively on the evolution of oxygen. 

Taking all these facts into consideration, it 
seems reasonable to support the assumption that, 
whenever green plants are capable of evolving 
oxygen or carrying on the process of photosyn- 
thesis, there iS generally present within the cells 
active catalase which would be available for act- 
ing on such a substance as hydrogen peroxide if 
it were released.* This might be interpreted as 
lending indirect evidence to the theory that the 
release of free oxygen from the plant may well 
be the action of catalase on a peroxide. However 
plausible this interpretation may seem, there is 
need for more confirmatory evidence. The search 
for a light sensitive compound, which releases a 
peroxide and is or is not subject to disintegration 
by catalase, would be a valuable contribution. 

The action of enzymes upon the leaf meal, like 
so many questions in this field at the present time, 
is not readily interpreted. The fact that trypsin 
inactivates the meal so quickly at all hydrogen- 
ion concentrations indicates that this action is 
more likely to be a coagulating effect or adsorp- 
tion of some cell constituent, rather than a true 
proteolysis. This does not, however, preclude the 
probable view that the trypsin really inactivates 
some constituent either attached to the chloro- 
phyll molecule or to a substance upon which the 
chlorophyll itself is adsorbed. This substance 
could well be a native protein or a nitrogeneous 
substance with a lower molecular weight. Since 
the discovery that catalase itself is a porphyrin- 
iron complex, it is quite possible that it might not 
only decompose any peroxide formed, but also 
play some other part in the carbon dioxide and 
oxygen balance between respiration and photo- 
synthesis. 

There seems to be little evidence that ground 
cell-free contents of the green plant absorbed 
carbon dioxide in light or that oxygen was ab- 
sorbed in the dark. Molisch favored the view 
that carbon dioxide was absorbed and oxygen re- 

8 An exception in the case of Phormldtiini lamlno- 
eupn was reported by Harvey (19), since it regular- 
ly grows in hot springs at temperatures at 65-78® 
C. and tests for catalase were negative. 


leased during illumination by dead cells or cdl 
contents in the absence of cells. From the studies 
so far made, the more probable view is that> 
when an active leaf is ground with sand and the 
cells filtered out or killed by drying, a certain 
amount of oxygen is bound to some substance 
strongly enough so that luminous bacteria cannot 
make use of it until a small amount of radiation 
of the proper wavelength is supplied. It is also 
to be noted that fresh leaves may be placed under 
a vacuum pump for a considerable time and still 
have the power to evolve oxygen when illumi- 
nated. Dry leaves act in the same way. That 
there is a definite amount of stored substance 
which can produce oxygen is clearly shown by the 
fact that once this supply has been exhausted, 
there is no recovery. Furthermore, when the 
leaves have been macerated and the cells filtered 
out, the cell contents give the maximum evolution 
of oxygen immediately ; and, as time goes on, the 
amount of oxygen evolved decreases, depending 
upon the temperature, pH, and other external en- 
vironmental factors. The formation of this light 
sensitive substance which contributes to the pro- 
duction of free oxygen seems to be associated 
with the living cell. 
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Discussion 

Dr, Appleman: What method was used to 
filter out ‘'all the cells'' without filtering out the 
chloroplasts ? 

Dr, Inman: The cells were removed from this 
triturate by filtering through several layers of 
fine cloth. The filtrate was examined microscopi- 
cally. This procedure did not remove many of 
the chloroplasts or pieces of chloroplasts. 

Dr. Appleman: You claim that the inactivat- 
ing action of trypsin is more likely to be a coag- 
ulating effect or absorption of some cdl constit- 
uent rather than a true proteolysis. This con- 
clusion is based upon the effect of the hydrogen 
ion concentration. It would seem that the range 
of the hydrogen ion concentration used for both 
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trypsin iind pepsin would favor the proteolysis 
idea rather than being opposed to it. 

Dr, Inman \ I fully agree that the action of 
trypsin may very well be a proteolytic effect and 
my first inclination was to give this as the only 
probable interpretation. After finding the coag- 
ulating effect of trypsin on the triturate it was 
difficult to avoid the recognition of an alternative 
explanation. 

Dr, Appleman: The inactivation of catalase 
in the macerated tissue was probably due to the 
developing acidity, as this inactivation in many 
cases can be prevented or greatly retarded by 
grinding the plant tissue with calcium carbonate. 
It might be of some interest to test the effect of 
this treatment on the evolution of oxygen. 

Dr, Imnan: In tests for catalase activity the 
leaves were ground in buffer solutions so that the 
pH was controlled, and in addition pH determin- 
ations were made with the quinhydrone electrode. 

Dr, van Niel : I do not quite see that the effect 
of trypsin would be an indication or new evidence 
that the chloro])hyU is combined with a protein. 
We know that the ultimate result of photosyn- 
thesis is the result of at least two different pro- 
cesses, in one of which the chlorophyll takes part. 
Is it not possible that it is the (Blackman) 
enzyme factor which is destroyed by trypsin in- 
stead of a chlorophyll-protein complex, in which 
case the experiments do not give any evidence of 
the existence of such a protein-chlorophyll com- 
plex ? 

Dr, Imnan : Since I tried to separate the pro- 
teins and other cell constituents from the chloro- 
phyll and, like Osborne and Wakernian who tried 
this with spinach leaves, found it most difficult, 
I felt it was most reasonable to make my pro- 
posed assumption, although the explanation you 
suggest was not ruled out by the experimental 
evidence. 

Dr, van Niel : I should also like to make a 
few remarks about the catalase situation. You 
mention that catalase is not active at 55° C. and 
that catalase is inactivated at pH 5., whereas the 
inactivation experiments at that temperature or 
with trypsin under similar conditions of acidity 
show correlations with the rate of decrease of 
oxygen production. Is it allowed to carry over 
the results obtained with purified catalase prep- 
arations to preparations in which the catalase is 
present in this extremely complicated mixture? 
Recent evidence obtained by Yakushiji, among 
others, shows that the inhibiting effect of certain 
factors on catalase activity depends very largely 
on the state of purity of the catalase preparations 
used. 

Dr, Imnan: The effect of pH and tempera- 
ture on catalase activity was made directly on the 
triturate or aqueous extract of cell contents and 


not on purified catalase solutions. A temperature 
time inactivation curve for catalase was made and 
gave a similar type of curve to the temperature 
time inactivation curve for oxygen production 
with the exception that the temperatures required 
for catalase inactivation were of the order of 
10° C. higher in all cases. 

Dr, van Niel : When you mention the observa- 
tion of Harvey of the occurrence of blue green 
algae which contain no active catalase at a tem- 
perature of 70° C., you make the statement that 
these algae are growing normally. 1 doubt 
whether that is correct, because under no cir- 
cumstances have I found blue green algae in 
Yellowstone Park at a temperature of 70°, with 
the characteristic blue green color ; they are either 
colorless or yellow. I wonder whether these algae 
are photosynthesizing at all. 

Dr, Inman : It is true Harvey does not 
clearly state whether Phormidium laminosum 
carries on the process of photosynthesis in a nor- 
mal manner and until this is determined there is 
doubt that the absence of catalase in this form is 
an exception to the inile that all chlorophyll bear- 
ing cells carrying on the process of photosynthesis 
contain active catalase. 

Dr, Arnold : Would you make an estimate of 
the rate of photosynthcvsis in this material after 
preparation, compared with the rate of photosyn- 
thesis in the leaves l)efore you crushed them? 

Dr, Inman: Using a comparative quantitative 
method such as I have described does not permit 
me to state the absolute rates of oxygen evolu- 
tion but it is my impression that once the cell 
organization has been disturbed by crushing the 
cells the rate falls off fairly rapidly. 

I should be inclined to reserve any definite 
statement as to how much the rates vary until we 
have obtained better data by the use of some other 
technique such as a Geiger counter. 

Dr, Emerson : Undoubtedly it would be of 
great importance if you could establish the fact 
that oxygen production from carbon dioxide takes 
place in chloroplasts removed from living cells. 
I doubt, however, that the experiments you have 
reported establish this point beyond question. The 
method of oxygen determination is so sensitive 
that if a few unbroken cells had passed into your 
preparation, their normal photosynthesis alone 
might be responsible for the positive results ob- 
tained. 

Dr, Imnan: That the triturate contained no 
normally organized cells is quite ct)nclusively 
demonstrated — first, by microscopic examination 
— second, by the fact that Spirogyra cells which 
are relatively large were broken and chloroplasts 
only used — third, by the fact that trypsin is not 
art inactivating agent when intact cells are u.sed. 
One can add large quantities of tripsin to pieces 
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of leaf tissue, or ChlorelUx cells, and there is no 
inactivating effect. Thus any failure to observe 
cells passing through the filter would show up in 
the inactivation curves by trypsin. 

Mr, Lineweaver : A definite answer would be 
given by comparing inactivation curves obtained 
for an extract to which a known number of cells 
had been added with the inactivation curves for 
the plain extract. If the source of the oxygen 
IS the same in the two cases, the curves should be 
identical with at most a concentration effect. 
Have any experiments of this nature been per- 
formed ? 

Dr, Imnan: I think such an experiment 
would be worth while.* 

Dr, vanNiel: You made the statement that 
you find oxygen production but no absorption of 
carbon dioxide and that this points to the pres- 
ence of some reserve product from which oxygen 
would be produced. Is it not true that the test 
for oxygen is so infinitely more sensitive than 
the test for carbon dioxide that it is impossible 
to find out whether or not this oxygen produc- 
tion takes place with carbon dioxide or from 
reserve material ? 

Dr, Inman: It is true that the test for O2 is 
more sensitive than the phenolsulphonephthalein 
test for CO2 but passing CO2 free air through 
the triturate and then into phenolsulphonephthal- 
ein for one hour gave no indication of CO2 ab- 
sorption, The triturate was illuminated and the 


amount used was ten times that used in the nor^ 
mal tests, I am willing to admit that van 
Niel's question has not b^n entirely eliminated, 
however, and further experiments are necessary 
before a definite statement can be made that no 
CO2 is absorbed during the evolution of oxygen. 
Dr, Harris: To what do you attribute the 
observed inactivation by glass beads or charcoal ? 
Dr, hvman: Surface or adsorption effects. 
Dr. Harris: This might well lead you to be- 
lieve further that the evolution of oxygen in your 
studies is not due to intact cells, but is rather, as 
you suggest, enzymatic. If the observed evolu- 
tion of oxygen is produced by intact cells, which 
have slipped through the cloth filter, one would 
not expect inactivation when the triturate is 
shaken with glass beads; for it seems hardly 
likely that intact cells would be adsorbed on the 
beads. On the other hand, chloroplasts, or pieces 
of them, might well be adsorbed on the beads, 
resulting in inactivation. 

♦ Following the diacuasion as to the possible pres- 
ence of cells In the triturate used, further experi- 
ments showed that occasional clumps of chloro- 
plasts and a few cells sometimes passed the filters. 
That these cells probably had their walls Injured 
was shown by the fact that the addition of imin- 
Jured cells to the triturate caused trypsin to fail to 
inactivate the solutions. Further experiments have 
also shown that cell-free triturate evolves oxygen. 
The solution was rendered cell-free by filtering and 
centrifuging. 



191 


THE ABSORPTION OF RADIATION BY LEAVES AND ALGAE^ 

Harold Mbstre 


Progress in the quantitative study of photo- 
chemical phenomena in living organisms has long 
been hampered by the difficulty of making accurate 
detenninations of the energy absorbed during ir- 
radiation. While this problem is a basic one for 
all photobiologists, it is only natural that it has 
received most attention from plant physiologists 
interested in the photochemistry of carbon as- 
similation and in the effect of light as an environ- 
mental factor. Although the following paper is 
mainly devoted to a discussion of the abs<^)rptioa 
of radiation by leaves, with a briefer considera- 
tion of the problems presented by algal thalli and 
by suspensions of unicellular forms, it will be 
evident that much of it is equallv pertinent to a1)- 
sorption by animal tissues and suspensions of ani- 
mal cells. 

Owing to the limitations of time and space, no 
attempt has been made to review the subject 
systematically or to give a com[)lete bibliography. 
For the older literature, reference is made to 
Reinke (1883) and to Ursprung (1903). More 
recent reviews and bibliographies will lx; found 
in Stiles (1925), Spoehr (1926), and, from a 
more photometric viewpoint, in the experimental 
papers of Seybold ( 1932 to 1934) and of Schan- 
derl and Kaeinpfert (1933). For a general con- 
sideration of photomettic methods applicable to 
plant nultcrial reference is made to the excellent 
monograph of Neurn])ergk (1932) and to re- 
views by Shirley (1931, 1935). For recent re- 
views of the problems and methods of photo- 
graphic photometry see Harrison (1929, 1934). 

While the distinction has not always been made 
clear in the literature, it is evident that actually 
there are, in general, two photometrically differ- 
ent problems connected with the absorption of 
radiation by the leaf. The first of these is the 
determination of the fraction of the incident flux 
absorbed by the leaf as a whole, which is of lasic 
importance in establishing the geneial energy bal- 
ance sheet of the leaf, and the second is the es- 
timation of the absorption by specific sulistances 
within the tissues, particularly by the pigments 
active in photosynthesis. The first problem is 
distinctly the simpler of the two, and both theo- 
retically and technically is in a much more satis- 
factory state than is the second. As practically 
everything that can he said in connection with the 

1. Contribution from the Department of Public 
Health, Yale Medical School, and from the Hopkins 
Marine Station of Stanford University. The theory 
here expressed is in part based on experimental 
work carried on at the latter institution and now 
being prepared for publication. Such personal ex- 
perimental observations as are here mentioned are 
from that source. 


first problem has a direct bearing on the second, 
we will first consider absorption by the leaf as a 
whole. 

1. General Analysis of the Distribution 
of an Incident Light flux 

The literature reveals the interesting fact that 
it was not any lack of sufficient analysis of the 
general distribution of light incident on a leaf 
which for so long postponed the actual determina- 
tion of an approximately correct value for the 
total absorption factor of a leaf, but, apparently, 
an inability to make the requisite measurements. 
As early as 1862, Simniler had clearly stated that 
a portion of a light flux incident on a leaf is re- 
flected at the surface of incidence while the re- 
iminder, penetrating into the tissues and being 
there scattered in all directions, is in part absorbed 
and in part emerges through either surface. This 
distribution was considered in much greater de- 
tail by Reinke p883). 

express Simmler’s analysis in matliematical 
form, we may denote the total incident flux by 
Pa, the flux reflected at the surface by the 
scattered flux emerging through the surface of 
incidence by P'«, that transmitted by P, and that 
absorl>ed by P^. We may then write : 

P, = PV + P', + P + Pa (1) 

as representing the general distribution of the in- 
cident flux. Dividing through by Po and trans- 
ix)sing, wc could then write: 

A = 1 - (R, + R, + T) (2) 

where A, R/, R«, and T arc the total absorption, 
surface reflection, inner reflection, and transmis- 
sion factors respectively-. Lumping together the 
two reflected fluxes P'r and P'« as V\ we have 
PyP^ = R for the general reflection factor and 

A =: 1 - (R -F T) (3) 

as the simplest possible expression for the total 
absorption. 

It will be clear from this tliat the only unequi- 
vocal method for the determination of A is the 

2. The term “total absorption factor’* has been 
used for A rather than the frequently employed 
“coefficient of absorption”. This is to avoid con- 
fusion with the “absorption coefficient” which, 
strictly i^eaking, is represented by “K” in the ex- 
pression: P', + P - X aO-K. In this paper 

a rigorous distinction will be made between “ab- 
sorption” and “extinction”, the “extinction coeffi- 
cient” being “E5” in P - x !()*£, so that E is the 
logarithm of the opacity (P^,/P), or of the recipro- 
cal of T. 
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measurement of the total incident, reflected, and 
transmitted fluxes in some strictly comparable 
manner. While it is probable that these condi- 
tions can never be fully met, it is, nevertheless, 
quite possible to achieve various satisfactory ap- 
proximations* The instrumental problems in- 
volved in the determination of A will perhaps be 
clearer if we discuss them in connection with a 
somewhat more extended analysis of the various 
fluxes than is contained in equation 1. 

The Incident Flux, Po 

The incident flux may be either collimated or 
diffuse* Under natural conditions the flux inci- 
dent on a leaf is usually either actually diffuse, 
being light from the blue sky, from clouds, or 
transmitted through other leaves, or is more or 
less its optical equivalent. That is to say, even 
when the leaf is illuminated by direct sunlight its 
orientation with respect to the incident flux is 
largely random, except in the case of certain 
highly phototropic plants in still air. As under 
laboratory conditions it is frequently desimble, 
for optical reasons, to use a collimated flux inci- 
dent normally on the leaf, it will, therefore, be 
necessary to consider the distribution of both a 
diffuse and a collimated incident flux. For meas- 
urements having to do with the general energy 
balance of the leaf, and in ecological problems, 
P<, will usually extend over a wide range of 
wavelengths, being either sunlight, skylight, the 
total emission from some incandescent artificial 
source, or rather broad filtered bands. For many 
other investigations, especially those of photo- 
synthesis or of photic responses, it will be neces- 
sary to work with either strictly monochromatic 
radiation or with very narrow spectral regions. 

For the determination of the total energy ab- 
sorbed from an incident flux having a wide wave- 
length distribution, it is evident that we must use 
a non-selective photosensitive element such as a 
thermopile For honiochromatic determinations 
of A, at wavelengths lying within their sensitivity 
range, various selectively sensitive receivers are 
of great utility. Owing to the possibility of enor- 
mously amplifying their output, photoelectric 
cells may be used with highly monochromatic 
light of intensities so low as to make observations 
with a thermopile extremely difficult and tedious. 
Because of their large current output, photogal- 
vanic (Sperrschicht) cells are also useful under 
similar conditions, especially for portable instru- 
ments On account of their liability to fatigue, 
and their high temperature coefficient, they are 
not, however, usually capable of giving as accu- 
rate results as a vacuum type photoelectric cell 
with a vacuiun tulie amplifier circuit, particularly 
when the latter is only used as a null indicator, or 
any type of cell used in a completely null instru- 


ment such as Hardy's (1929, 1934) recording 
color analyser®. Within its range of sensitivity, 
recently greatly extended, the photographic plate 
may also occasionally be used to good advantage. 
It cannot, however, be too strongly emphasised 
that no quantitative conclusions in regard to T or 
R, which themselves vary as a function of wavc- 
le^h, can be drawn from observations made 
with receives which also, and independently, 
vary in their sensitivity with wavelen^h, unless 
either Po is monochromatic, or very nearly so, or 
Po, P, and F are measured spectrophotometric- 
ally. 

The Flux P^r Reflected from the Surface of 
Imidence 

Both qualitatively and quantitatively the flux 
reflected from the surface of incidence will evi- 
dently depend not only on the characteristics of 
this surface, but also on the angular distribution 
of Po. Leaves range all the way from tliose with 
an extremely glossy cuticle, in which case reflec- 
tion is mainly specular and tends to obey Fres- 
nel’s law^, to those with very finely tomentose 
surfaces. In the latter the reflection is almost 
entirely diffuse and ap])roximately follows l^m- 
bert’s cosine law. In most leaves both types of 
reflection will be in evidence to a considerable ex- 
tent, the lower surface commonly showing more 
diffuse reflection than the upper one. It should 
l)e noted tliat in nature the lower surface may of- 
ten become the surface of incidence, although, of 
course, less frequently than the upper one. As a 
rough average figure for K for the upper surface 
of common leaves is 0.1 (Seybold 1932/;), while 
Shull (1929) has reported R = 0.50 for the 
lower surface of Populiis alba, it can be seen tliat 

3 Since the completion of this paper the full de- 
scription of Hardy’s modified instrument has ap- 
peared in J. Opt. Soc. Am., 25: 305. 

4 Fresnel’s general equation for the intensity of 
the light regularly (specularly) reflected from an 
optically perfect surface is: 

lo rsin®(i — r) tan® (f — r) T 

zi: I — ^ ^ 1 — — 

2 Lsin® {i 4* r) tan® {i -f- r) J 

where i and r are the angles of incidence and re- 
fraction respectively, and and the incident and 
reflected Intensities. For the condition of Incidence 
(i « 0), this reduces to (the special form: 



where and are respectively the indices of re^ 
flection of the more and the less refractive media. 
It will readily be seen that as approaches n^, 
will rapidly approach zero. 
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this may make the determination of A with inci- 
dence through the lower surface of importance* 

The opti<^ properties of the leaf surface may 
also be of great effect in determining the magni- 
tude of A in other ways than by reducing the 
flux (Po— Pr) which actually enters the tissues 
of the leaf. As tvrill be seen below, the partition 
of this entering flux into and P depends in 
part on its angular distribution and. in addition, 
both P'l and P will have to make their exit from 
the leaf through surface tissues. To the extent 
which the surface of incidence is a diffusing one, 
it will transfonn a collimated incident flux into a 
diffuse entering flux. Within an already fully 
diffuse Pof a diffusing surface will naturally not 
produce any marked qualitative cliange in the en- 
tering flux. Similarly, a smooth surface will pro- 
duce no qualitative cliange in a collimated inci- 
dent flux, but, from Snell's law*^, it can be seen 
tliat, if we take the index of refraction for the 
sulKuticular tissues as only tliat of water ( 1.33), 
the maximum angle of incidence of (Po—P'r) on 
the tissues will be about 49® (omitting diffuse 
scattering from consideration). 

7'he Effect of Pigment Distribution on P and P\ 

The other important portion of P' is the ex- 
tremely complex flux P', rejected by the tissues 
of the leaf. This flux differs qualitatively from 
the transmitted scattered flux P only in the extent 
to wliich it has undergone scattering and absorp- 
tion, and they will be discussed together. The in- 
timate relation of scattering and absorption in the 
leaf w^as early recognired. Sachs (1861) com- 
mented on the ‘'ama7mg'’ fact that although most 
of the pigments of the ordinary leaf are contained 
in discrete chromatophores, which are not ar- 
ranged in a continuous layer, the pigments ap- 
peared to form just as effective an aksorbing 
screen as though they were in solution in the cell 
sap. This efficiency, Sachs recognized, was due 
to the fact that the tissues scattered the incident 
light to such an extent tliat little of it could get 
through the leaf without passing through tlie 
chromatophores. 

The recognition tliat the pigments should, in 
the absence of other factors, be less effective in 
absorbing light when aggregated into chromato- 

6 SneU’s law: 

sin *ysin r == n^/nx . 

Fitnn this It may be seen that when t reaches its 
limiting value of 90® (grazing incidence), r will 
reach its limiting value dehned by sin r ^ 

When passing from air to water, this limiting value 
is sin r 0.7519, or r 48®46'. This is a familiar 
phenomenon. When passing from water to air, i 
and f are transposed, and all light incident at the 
surface at angles greater than the critical angle of 
48®45^ Will be totally reflected* 


phores than when more highly dispersed is of 
much theoretical importance, and the concept can 
be extended to include all effects attributable to 
the spatial arrangement of the chromatophore 
pigments* These will be referred to hereafter as 
‘'pattern" effects, and the "pattern factor", 
used as an index of the extent to which, in the 
absence of scattering, the absorbing power of the 
chromatophore pigments would, by their spatial 
distribution, be reduced Mow that of their hypo- 
thetical maximum absorbing power. The pattern 
factor may be defined as the fraction of the dis- 
tance between the two surfaces of the leaf which 
would represent the mean light path through 
chromatophores in the absence of scattering. That 
l>attem effects may be of considerable importance 
in the measurement of P'„ and P is indicated by 
the well known fact that not only do the cliroma- 
tophores frequently change the pattem of their 
arrangement in the cells during irradiation, but 
also their form as a result of the accumulation of 
the products of photosynthesis. Furthermore, 
these effects may Ix! a function not only of the 
intensity and duration of the irradiation, but also 
of wavelength. For a recent discussion of these 
reactions, reference is made to Voerkel (1934), 
where extensive citations of the older literature 
will be found, and to Schanderl and Kaempfert 
(1934), who have actually ob*served the changes 
in T as a function of the duration of irradiation. 

The ''DetouP' Factor 

For the transmitted flux, the effectiveness of 
scattering in overcoming the reduction in alxsorji- 
tion due to pattern effect is quite evidently due to 
the fact that it greatly increases the mean length 
of the light path through the tissues over that of 
the direct path from surface to surface, likewise 
increasing the mean jiath through chromato- 
phores. The extent to wliich the light path is in- 
creased by .scattering is represented by the "de- 
tour" factor "a>". In comparing the transmission 
of a green and an albino leaf, Willstattcr and 
Stoll (1918) clearly perceived the somewhat 
paradoxical fact that while on the one hand, the 
effect of scattering was to greatly increase the 
light absorbing effectiveness of a given amount 
of pigment, the presence of pigment in its turn 
operated to decrease the mean length of the light 
path. This generalization should be equally valid 
if we consider two wavelengths where the scatter- 
ing power is substantially the same hut the ab- 
soq)tion coefficients of the chromatophore pig- 
ments are quite different. Evidently the mean 
light path through chromatophores will be greater 
in the region where the absoqition coefficient is 
lower. As the actual absorption will be a func- 
tion of the product of the absoq)tion ciiefficieiit 
and the effective light path through the absorbing 
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substances, it is clear that, by the presence of 
scattering, absoi^ption in the region of lower ab- 
sorption coefficient will be increased to a greater 
relative extent tlian that in the region of higher 
coefficient. It would seeni probable that the fre- 
quently commented on “filling up*’ of the extinc- 
tion spectrum® of the leaf in the green, as cont- 
pared with the spectrum of extracts of the leaf 
jMgments, is in part due to this effect, the balance 
being mainly attributable to the fact that the 
longer light path permits a larger proixirtion of 
the scattered flux to become directed toward the 
surface of incidence where the unabsorbed por- 
tion will appear as Fa. The great increase in 
ID possible with low pigment concentration, would 
also seem to furnish a logical explanation for the 
extraordinary photosynthetic efficiency of the 
green pigments in young leaves and in yellow 
varieties. For exampe, Willstatter and Stoll have 
re{K>rted that in a yellow variety of Ulnius, with 
a chlorophyll concentration of only 1/13.5 of the 
normal green form, the assimilation of COa, in 
grams per hour, was 0.098 while that in the nor- 
mal green form was only 0.111. 

The Partition of the Entering Flux Into P and 

P\ 

Evidently the partition of fPo— PV), the flux 
actuall> entering the tissues of the leaf, into wliat 
may be called “potential” P'« and P, will depend 
primarily on the scattering power of these tissues. 
Denoting this by <r, it is clear that “potential” P% 
will increase rapidly with cr, while “potential” P 
will decrease. The final magnitudes of the emer- 
gent fluxes will depend upon this partition, which 
will also be a function of the angular distribu- 
tion of (Po—P'r), and on the extent to which the 
two “potential” fluxes have been attenuated by 
absorption. As absoi-ption also increases with a, 
for both fluxes, it can }>e seen that while P', 
changes as the difference of two functions of or, 
P will vary as the sum of two similar functions. 
It should further be noted tliat both partition and 
effective absorption are a function of the spatial 
distribution of scattering power and of absorbing 
power in the tissues, that is to say, of the histo- 
logical characteristics of the leaf. 

With a collimated incident flux, it is obvious 
that only light which is deviated more than 90® 
from its original direction, whether at the surface 

« The term ‘'extinction spectrum”, representing 
the variation with wavel^igth of the extinction co- 
efficient, E -- log (1/T), is here used Instead of the 
term “absoiptlon spectrum” commonly used in the 
past to describe the same function.. While in true 
solutions the two would he synonymous, it is evi- 
dently necessary, in the presence of scattering, to 
distinguish in some way between simple diminution 
of the transmitted Uux, and actual absorption of 
energy. 


or in the tissues, can possiWy appear as F. On 
the other hand, with a difnise entering flux, a 
comparatively small deviation will cause part of 
the entering flux to emerge through the surface 
of incidence. This effect will be of greater refo- 
tive importance with high absorbing power than 
with low. On tlic contrary, the probability of 
emergence as transmitted flux is reduced. It is, 
therefore, to be expected that with diffuse irradia- 
tion T will be lower, and the ratio R/T will be 
greater than with a collimated incident flux, espe- 
cially when the absorbing power is high and the 
surface of incidence is not highly diffusing. It is 
quite possible that there will be little difference 
in A with diffused and collimated P<>, that is to 
sa}, the sum of R and T may remain approxi- 
mately constant. Owing to the difficulty of de- 
termining the total P' for diffuse incident light, 
no experimental data are as yet available which 
are adequate for strict comj>ari.son with measure- 
ments of the total F' for collimated light. Meas- 
urements by Seybold (1933u), in which filtered 
radiation and a photogalvanic cell were used, in- 
dicated only a slight difference between T for 
collimated and for diffuse illumination. 

The Nature of Scattering in the Leaf 

The light scattering power of the tissues of the 
living leaf would ai>i)ear to l^e due mainly to re- 
fraction and reflection, including total reflection, 
at interfaces, rather than to scattering by small 
particles. That this is the case is indicated !>> the 
very slight \'ariation in the transmission of color- 
less plant tissues at different wavelengths in the 
visiliie. Shull (1929) has found values for R for 
the tomentose lower surface of the leaf of Popu- 
lus alba of practically 0.50 at all wavelengths 
from 700 to 430 m/*, the slight increase to a max- 
imum of 0.53 in the yellow green evidently I)eing 
due to a small contribution from P'«. If any im- 
portant portion of this scattering were due to par- 
ticles small in relation to the wavelength of the 
light used, and therefore following Rayleigh’s 
equation^, it should make its presence evident by a 
considerable increase at the shorter wavelengths 
due to the operation of the inverse fourth power 
term. I'he presence of such an increase in the 
case of “albino” leaves is undoubtedly due, as 

7. Rayleigh's equation may be written in the fol- 
lowing exponential form for the transmitted flux for 
imit light path: 

^2 N d^ r — wi* -j * 


P/P, rr e -f 2ni^ J 

where \ is a constant, AT Is the number of scatter- 
ing particles per unit volume, d is the diameter of 
the particlea, x ^ the wavelength, and the other 
symbols have their usual significance. 
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points out by Shull, to the presence of yellow 
pigments. The observation, made both by Pok- 
rowski (1925) and by Shull, that some leaves do 
not exhibit the expected increase in reflection fac- 
tor at wavelengths longer than the red absorption 
maximum of the chlorophylloid pigments, may in- 
dicate either that in some leaves a is very low 
in that region, or that they contain some unre- 
ported pigment absorbing there. This can, of 
course, be settled by determining both R and T 
for these leaves homochromatically. 

A further indication of the major role of re- 
flection-refraction scattering is to be found in the 
many observations made with leaves in which the 
normally air-filled tissues of the parenchyma are 
‘‘injected** with water by evacuating the air while 
.submerged. This process also results in the re- 
moval of the interstitial air in the surface of 
tomeritose leaves. That injection greatly increases 
the transmission has long been known, and the 
practice has Ijeen widely employed by investiga- 
tors of the transmission spectrum on that account. 
It is, of course, evident that this increase in trans- 
mission can only be due to a reduction iti scatter- 
ing power brought al)out hy the substitution for 
air of a sui>stance of higher refractive index. 
Regular reflection at interfaces follows Fresnel’s 
law, and refraction and total reflection is gov- 
erned by Snell’s. From the form of those laws*, 
It can be seen that the magnitude of both effects 
will depend very acutely on the magnitude of the 
difference l)etween the indices of refraction (w 2 
and «i) of the two substances fonning the inter- 
face. Except in the presence of air. and in the 
case of oil droplets and similar highly refractilc 
cell inclusions, it is probable that Ws/wi will not 
greatly exceed 1.40/1.33. In tissues containing 
air the ratio of the indices will be nearer 1,40/ 
1.00 if we omit from consideration the thin sur- 
face film of water which plays no part in the net 
effect. While w^/wi a function of wavelength 
it will not vary rapidly with most biological sub- 
stances. 

The recent thermopile measurements of Sey- 
bold (1932&) in the spectral regions of higher 
transmission, show that Ti, the transmission fac- 
tor for the injected leaf, may easily be of the 
order of two and a half times greater than T. 
This is the case both in the normal green and in 
the albino leaf. Seybold’s accompanying photo- 
electric cell measurements of R, which are not 
strictly comparable with those of T, as the radia- 
tion measured was not monochromatic, might ap- 
pear to indicate that this increase in T in the in- 
jected leaf takes place wholly at the expense of 
R, as it is greater when R is high. Unfortunately. 
Seybold was not able to determine R* with his 

«* See fiootnotee p. 102. and 5, p. 193. 


apparatus. It would seem, however, that the 
simple relation suggested by Seyljold, R -f T = 
Ri -f Ti, could not, on purely analytical grounds, 
be expected to hold except under conditions of 
zero absorption. In general, (Rt + T<) should 
be greater than (R + T), and the difference be 
a measure of the decrease of A resulting from 
changes in the a of the tissues as a function of 

The Leaf Surfaces and the Emergence of P and 

P\ 

It is evident tliat a diffusely reflecting surface 
will act as a “light trap”, returning a portion 
of the scattered fluxes to the tissues. Less ob- 
vious is the action of si>ecularly reflecting sur- 
faces. Again from Snell’s law, it can be seen 
tliat all light incident on such a surface at an 
angle greater than 49®, or probably even less, will 
be totally reflected and returned to the tissues. 
This would indicate tliat, for a fully diffused flux 
within the leaf, a very smooth and shiny surface 
will I)e at least as efficient a light trap as the 
mostly finely tomentose surface known. At the 
surface of incidence it will, in fact, be peculiarly 
efficient. It will prevent the emergence of all flux 
which has not penetrated deejily enough to liave 
become deflected through the large angle (130® 
or more for a normally incident collimated flux) 
re(|uired to bring it to the surface at an angle of 
incidence less than 49®. This, and the lack of 
diffuse surface reflection of white light, accounts 
for the extremely dark green color of the upper 
surface of most glossy leaves. The importance 
of this effect in connection with the angular dis- 
tribution of P and P' is evident. 

The Angular Distribution of P and P' 

As will I)€ seen below, a knowledge of the an- 
gular distribution of P and P' may be of much 
importance in the measurement of these fluxes. 
From the preceding analysis it is clear that the 
angular distribution of both fluxes will depend 
on the angular distribution of the incident radia- 
tion, on the nature of the leaf surfaces, and on 
the scattering power and thickness of their tis- 
sues. 

The more diffusely reflecting the leaf surfaces, 
and the higher the a of the tissues, the more 
nearly will both fluxes approach conformity to 
Lamlxjrt’s cosine law. The opposite extreme will 
be reached with a very glossy leaf irradiated nor- 
mally with a collimated flux. Here the angular 
distribution of intensity will depart widely from 
I-ambert’s law. This will be particularly so in 
the case of P', as not only will there be a large 
component of J-^r normal to the surface, but the 
operation of the upper surface on will be 
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more marked than that of the usually less glossy 
lower one on P, 

Both of the above conditions are evident in the 
data of Seybold ( 1933), to whom we are indebted 
for the only existing determinations of the angu- 
lar distribution of these fluxes. The greater 
amount of flux emergent at small angles to the 
normal in shiny leaves is very clearly seen by 
comparing the form of Seybold’s distribution 
curve for P' of the glossy Primus laurocerasus 
with that of Tropaeolum majus. 

Other Components of P and P' 

Two other groups of fluxes should be men- 
tioned here as they also may be components of 
the measured fluxes P and P'. 1'hese are the 
fluorescence fluxes P/ and P'/^ and the infrared 
emission Pe and P'e, the primes, as usual, indicat- 
ing emergence through the surface of incidence. 
Although its existence was long disputed, red 
fluorescence from the chlorophylloid pigments 
can l^e observed in most leaves "with the aid of a 
spectroscope, or suitable filters, to exclude the far 
brighter scattered and reflected fluxes. Except in 
extremely thin forms and unicellular algae, only 
P'/ Js sufficiently bright to be observ^ed even under 
the most favorable conditions. In spite of the 
important bearing of this chlorophylloid fluores- 
cence on the problem of photosynthesis, the total 
flux is so small that it has not yet been possible 
to determine the fluorescence factor (F = (P/ + 
P'/)/Po) attributable to these pigments. It 
should be noted that in addition to the green pig- 
ments other substances (phycoerythrin, phyco- 
cyanin, alkaloids, etc.,) may be present and with 
suitable excitation, will fluoresce. 

The infrared emission has been little studied as 
radiation, being usually lumped with conduction 
and convection losses from the leaf. In the de- 
termination of A with thermopiles, or other non- 
selective receivers, most of the effort, heretofore, 
has been devoted to avoiding the measurement of 
these as a part of P and P'. A priori, it would 
appear to be prolialile that Pe and were ‘spec- 
trally quite complex, consisting of vibrational 
fpianta, radiated from photically excited mole- 
cules, as well as of much longer wavelength ther- 
mal mdiation. This does not appear to have, as 
}et, been investigated experimentally although it 
could easily be done. It would seem possible that 
the radiation of vibrational quanta might be an 
important part of the energy distribution mech- 
anism of the leaf. 

Physiological and Pathological Factors 

The effect on the pattern factor of changes in 
the position or shape of the plastids during irra- 
diation has already been mentioned. Similarly, 


changes in the amount and distribution of inter- 
cellular gases, or in the degftee of hydration of 
cell colloids, may be expected to cause a variation 
in <r. During growth there are marked altera- 
tions in <r due to changing structure and to hy- 
dration, as well as to variations in the light ab- 
sorbing power with changing concentrations of 
the various pigments. Among the changes in 
structure with age may be mentioned that of hair- 
iness. The data of Linsbauer (1901) indicate 
that, in the spectral range to which photographic 
paper is sensitive, a very young quince leaf had 
Its transmission cut in lialf by the surface hairs 
which are abundant at that stage of development, 
yet only a little later they were almost without 
effect. Coblentz (1912), and Pokrowski, and 
Shull all found that R was progressively lower 
with increasing age. 

In addition to these and other changes as a 
function of age, irradiation, or water relation, it 
is evident that the most marked variation can 
exist between leaves of the same species of plant 
developing under different environmental condi- 
tions or because of genetic differences. Patho- 
logical clianges, such as the presence of mildew, 
may cause marked increases in R, as Shull has 
shown. Intense irradiation in the shorter wave- 
lengths of the visilJe, or with lower intensities of 
ultraviolet light, may bring alx)ut rapid irreversi- 
ble changes in the absorption coefficients of the 
pigments. Excessive heating while under obser- 
vation may do the same and may affect both /> 
and a as well. 

II. The Determination of A 

Even with the most exact specification of the 
biological material, and the most careful treat- 
ment during measurement, there must always be 
a considerable doubt as to the extent to which 
the material of one investigator is comparable 
with that of another. If to this we add the em- 
ployment of a wide variety of photometric tech- 
niques, often faulty from a physical standpoint, 
and the use of incident radiation of a wide range 
of wavelengths and differing degrees of spectral 
purity, it frequently becomes imposwsible to say 
whether a disagreement in the data of two in- 
vestigators is due to the material or to the meth- 
od. This situation, so common in biology, inevi- 
tably leads to endless and frequently unprofitable 
controversies. These can best be avoided through 
a thorough clarification of the photometric prob- 
lems involved, which should lead to the develop- 
ment and use of adequate and comparable instru- 
mental techniques. 

The Photometric Problem 

From the preceding analysis it would appear 
that the photometric problem may be stated as 
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follows. For the determination of A, under any 
given sot of conditions, either the three fluxes P®, 
P, and P' must be measured separately, or the 
ratios P/Po and P'/Po. giving T and R. Let us 
denote the absorption factor for a normally in- 
cident Po by A', and the corresponding factor for 
a diffuse Po by A". For A' then, we need to 
measure a collimated P<„ for A" an evenly diffuse 
Po, and, for both, the diffuse fluxes P and P', 
which vary in angular distribution with different 
material and with the angular distribution of Po, 
or else the above mentioned ratios of these fluxes. 

As already mentioned, the only unequivocal 
method of determining either A' or A'' is the 
measurement of the total incident, transmitted 
and reflected fluxes. Unfortunately this can 
only be approximated and in these necessary ap- 
proximations lie most of the difficulties of the 
problem. As a detailed general discussion of 
photometric methods is not possible within the 
scope of this paper, the following remarks will be 
confined to rather specific considerations and to 
pointing out certain more or less obvious pitfalls. 

Historically the main difficulties appear to liave 
first centered around the measurement of diffuse 
fluxes, and then about the spectral selectivity of 
the material, or of the photosensitive receivers 
employed. The second has already been suffi- 
ciently commented u}.xni, but the first warrants a 
brief discussion. The general statement may l>e 
made that m photometry we never actually meas- 
ure any given flux in its entirety, but only some 
fraction of it. which we will designate by 
This fraction, may rq)resent the net effect 
of many different factors, principally losses by 
reflection or absor]>tion in ojitical systems, lack of 
sufficient angular aperture in the photometer, and 
the efficiency of the photosensitive element. In 
homochromatic photometry, or in total energy 
determinations with non-selective receivers, this 
latter may be considered constant. The first two 
factors may be made constant, or more or less 
adequately corrected for, but problems arising 
from the angular distribution of the fluxes to be 
measured still remain. 

The Determination of R/T and of A wUh the 
S pectrophotometer 

The isolated pioneer attempt of Vierordt 
(1873) well illustrates the magnitude of the er- 
ror which can arise through neglecting the effect 
of angular aperture. Using a visual spectropho- 
tometer and direct sunlight as the incident flux, 
Vierordt tried to determine T for normal inci- 
dence and observation, and R for 45® incidence 
and observation. Let us denote the fluxes actu- 
ally traversing the instrument, and so compared, 
by qPo, and Owing to the relatively 

small angular aperture of the instrument, and to 


the fact that Po was practically collimated, while 
P and P' were diffuse, it is evident that q must 
Ixave been very much larger than q' and h"or 
this reason the values found for T and R were 
absurdly low: for example, only about 0.0005 
for T and 0.0008 for R for a maple leaf {Acer 
platanoides) in the yellow green between the D 
and E lines. These values are about 1/100 of 
what they should be, and would represent the leaf 
as being very nearly black. 

It is unfortunate tliat the manifest incorrect- 
ness of these determinations for T and R, which 
make them useless for the estimation of A, 
wholly obscured the important fact that signifi- 
cant values for the ratio R/T could have been 
computed from them. This is, of course, due to 
the fact that g' and are of the same order of 
magnitude and tliat q is eliminated in the division. 
As a matter of fact, the values for K/T derived 
from Vierordt’s data are pn)l)ably of much the 
same order of accuracy as, and are in good gen- 
eral agreement with, those calculated from the 
recent data of Pokrowski (1925) and Seybold 
(19326). 

It is interesting to note that the metho<l used 
by tlie Russian physicist Pokrowski only differed 
from that of Vierordt in the use of an MgO sur- 
face to obtain a diffuse Po for the determination 
of R, so making q and more nearly of the 
same magnitude, and of an opal glass plate to 
perform the same function for q and < 7 ' in the de- 
termination of T. In this way Pokrowski ol)- 
tained realistic values for T and R, but it must 
be noted that the troublesome matter of angular 
distribution was not wholly avoided by his meth- 
ods. In the determination of R, Po was incident 
nonnally on both the sample and the standard, 
and qPo was compared with at an angle. B, 
of 10® from the normal. As the Mg( ) surface is 
almost perfectly diffusing, the angular distribu- 
tion of the diffused Po will closely follow Lam- 
bert’s a)sine law. We have seen, however, that 
P' may depart widely from this condition and 
that, in general, for small values of 6, we can ex- 
pect g" to be greater than q, giving rise to values 
of R which are to that extent too high. While, 
for a very glossy leaf, the sjiecular component of 
P'r would in large part fad to enter the spectro- 
photometer slit at ^ = 10 ®, we can, nevertheless, 
still expect q" to lie greater than q owing to the 
effect of total reflection at the surface on the 
angular distribution of P'«. 

F'or the determination of T, Pokrowski placed 
an opal glass in front of the slit of his spectro- 
photometer, thereby insuring that both < 7 '? and 
qPo should be eveidy diffused. While this elimi- 
nates any effect of the instrument on q and q', it 
still does not entirely avoid the effect of differ- 
ences in angular distribution, as the opal glass is, 
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in one case, illuminated by the collimated flux Po, 
and, in the other, by the diffuse flux P. As the 
transmission factor for opal glass will be higher 
for a collimated flux (cf. Dreosti, 1931), q will 
be greater than q\ and the values obtained for T 
will be lower tlian their correct value. It should 
be noted that the errors in determining T and R 
are in opposite directions, which would tend to 
give a correct value for A^ To Pokrowski should 
be given the credit for the first explicit statement 
of equation 1, long, however, implicit in the bio- 
logical literature. 

The Use of Spherical and Ellipsoidal Mirrors 

The first comparable determinations of R and T 
ever reported were ai)parently those of Coblentz 
(1912) made in the course of his extensive study 
of reflection. They, however, did not find their 
way into the biological literature until 1929, when 
Shull performed this service. While Coblentz 
determined R for the leaves of some nine si>ecies, 
for a collimated flux incident nearly normally, he 
only reported values for T for two of these, the 
lilac and the black locust. For the lilac he found 
R = 0.236, and for the black locust R = 0.239. 
His corresiX)nding values for transmission are T 
= 0.1% and T = 0,207 respectively, which are 
stated to be ^‘corrected for reflection’'. If, as 
seems indicated, these values are calculated for 
P/(Po—P')> fhe T values corresponding to P/Po 
would Ije only 0.150 and 0.158. Using Coblentz’s 
figures for T, we would have, for the lilac, A' .= 
0.568, and for the black locust, A' = 0.554. With 
the atove calculated values for T, these would be- 
come 0.614 and 0,603 respectively. 

References to Coblentz’s paper indicates that 
these determinations and most of the others, were 
not made with monochromatic light at 6(X) m/A 
as might be inferred from the table cited by Shull, 
but with the radiation from an acetylene flame 
filtered through 2.5 cm. of 1 percent cujjric chlor- 
ide. This cuts off at 700 nifi and gives an energy 
curve in the visible similar in shape to the solar 
energy curve, with a maximum around 600 ni/x. 
Three determinations of R with fairly monochro- 
matic light centering around 540 ni/u., gave values 
only from 0.007 to 0.026 alx>ve those for the total 
visible, which would indicate that most of the P' 
in either case was in the green. 

An additional measurement on a tulip leaf with 
filtered radiation, including the visible and the in- 
frared to 1.4/1, with a maximum energy at 950 
ni/i, showed an R of 0.380 as compared with 
0.219 for the visible alone. As the long wave cut- 
off was effected by 2 cm. of water, it is evident 
that the increased R was due to low absorption in 
the region lying between the chk>rof)hyIl()id red 
absorption maximum and the water bands. A 
single measurement with radiation from a Bun- 


sen flame, with 90 percent of the energy at 4.4 
fi, .showed an R of only 0.056. This is presum- 
ably due to intense absorption by the water of the 
leaf tissues, the absorption coefficient of water 
being very high in this region. 

It would appear from Coblentz’s paper that all 
of the measuretnents used in determining the 
above values for R were made with a technique 
quite different from that indicated by Shull, 
which related only to some earlier measurements. 
As this method is of interest, and has not been 
described in the biological literature, it will be 
briefly outlined. The foundation of the appara- 
tus w’as a surface silvered hemispherical glass 
mirror 10 cm. in diameter. Through a small 
polar aperture in the mirror, the image of an il- 
luminated slit was projected almost nonnally on 
the specimen which was held in position in the 
equatorial plane. The image was formed at a 
distance of 3 mm. from the center of curvature 
of the mirror, so that all light reflected from the 
specimen was brought to a focus on a surface 
thermopile in the conjugate position on the op- 
posite side of the center. 

The instrument was calibrated for losses of P' 
through the aperture for the incident flux, and 
for loss by absorption by the mirror. It should 
be mentioned that owing to slight changes in the 
absorption coefficient of the silver with wave- 
length, a small error may have entered here, when 
using extended spectral regions and such highly 
selective material as leaves. It is probable that 
the lecently developed aluminum surfacing would 
be preferable to silver. J^y placing the thermo- 
pile in the position later occupied by the speci- 
men, was measured directly. Coblentz as- 
sumed that the difference between the loss of 
energy by reflection at the glass, or rock-salt, 
cover of the thermopile when measuring qPo, 
wdiich w^as j)ractically normally incident and col- 
limated, and the loss when measuring which 
was diffusely incident, could be neglected. With 
this assumption it is difficult to agree, as from an 
application of Fresnel’s law it can be seen that 
the reflection loss should he considerably greater 
with the diffuse flux. The fact tliat the flux was 
not incident normally on the thermopile is also to 
he considered. It is perhaps possible that the 
omission of this correction factor may account 
for the values of 0.863, reported for the R of 
MgC) with filtered visible radiation, and of 0.852 
for MgCO«. These are alx)ut 10 percent low 
comj)ared to the usually reported values ranging 
from 0.95 to 0.98 (cf. Taylor 1934). If this dif- 
ference was due to the above suggested cause, and 
not to the physical state of the preparations, it 
would seem that Cohlentz’s values for R should 
be correspondingly increased, 

Coblentz's values for T are not strictly com- 
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parable with those for R, the measurements hav- 
ing been made by placing the specimen in front 
of the thermopile with a small air gap to avoid 
thermal conduction from the leaf to the thermo- 
pile cover. No correction appears to have l>een 
made for the increased reflection loss due to the 
difference between the angular distribution of P 
and Fof and, it should be remarked, no such cor- 
rection has been applied by any one of the in- 
vestigators, from Brown and Escombe (1905) to 
Sclmnderl and Kaempfert (1933), who have em- 
ployed receivers covered with glass plates for the 
measurement of In all cases it would appear 
that there should l)e a revision upward of the re- 
ported values for T (except where other factors, 
such as thermal conduction, would indicate a 
greater revision downward). There would ap- 
pear to be no reason why Coblentz’s apparatus 
could not Ije arranged quite simply to permit the 
determination of T in a manner strictly cotnpar- 
able to tliat used for and the use of a smoked 
MgO standard surface for measuring qPo would 
api^ear to lie more or less unobjectionable as, in 
this case, the magnitude of q, q' and q" is much 
less dependent on angle than on absorption. Also, 
for monochromatic irradiation, various selective 
receivers could be employed. 

Seyhold (1932!?) has also made similar use of 
a mirror to determine R. In tliis case the mirror 
was ]>art of a prolate ellipvsoid of revolution, and 
the specimen, backed with black paper and 
mounted on the surface of a photoelectric cell, 
placed in position at one focus and illuminated. 
The flux q^'F' is collected by the photoelectric cell 
on Its way to the other fcxrus of the ellipsoid. As 
already mentioned, the actual observations are 
limited in interest, as they were made with rather 
wide filtered bands and a selective receiver. There 
is, however, no reason why the apparatus should 
not be used to advantage with monochrcMnatic 
radiation. qFo is measured by substituting an 
MgC) surface for the specimen. This would ap- 
pear to l)e unobjectionable in this case also for 
the reason given above. The apparatus docs not, 
in its present form, pemiit of directly comparable 
determinations of R and T. 

The great potential advantage of mirror meth- 
ods lies in the fact that all of the transmitted or 
reflected flux, except that lost by absoq)tion, or 
by reflection at the photosensitive element, is 
measured. This not only largely eliminates the 
difficulties arising from non-uniform angular dis- 
tribution, but also means that much larger fluxes 
are available for measurement than in instru- 
ments of smaller angular aperture. 

Th€ Use of the Ulbricht Sphere 

The Ulbricht sphere offers great possibilities if 
used with due regard for its optied characteris- 


tics, and those of the leaf. As the angular dis- 
tribution of P and P' only approaches obedience 
to Lambert's cosine law as a limit, and, with P' 
in particular, it may depart very widely from this 
law, it is evident that the Helmholtz reciprocity 
law cannot be assumed to hold. That is to say, 
diffuse irradiation, and measurement of the 
brightness normal to the surface as compared to 
tliat of a MgO standard, is not equivalent to nor- 
mal irradiation and measurement of the inte- 
grated diffusely reflected flux. 

The only actual use of the sphere which ap- 
pears to have l)een made was in the already men- 
tioned work of Shull, in which R was determined 
for a large number of leaves. I'he instrument, in 
this case, was the Keuffel and Esscr “color ana- 
lyser". Here the brightness, normal to the sur- 
face, of the diffusely illuminated specimen and 
MgCOg standard, are compared by means of a 
visual spectrophotometer. With the sphere used 
in this way, it is evident that it becomes an instru- 
ment of no greater angular aperture than that of 
the spectrophotometer used, and tliat the remarks 
made in connection with Pokrowski’s method will, 
in general, apply. The exclusion of the specular- 
ly reflected component of PV is even more rigid 
in this case than with Pokrowski’s arrangement. 
It is evident that, in this arrangement, no particu- 
lar benefit is derived from the use of the sphere. 
In spite of the interest and value of Shull's ob- 
ser\ations, it is obvious tliat the values obtained 
for R cannot be used for the determination of 
either A" or A'. P''urthermore, the apparatus 
cannot be used for the determination of 1'. 

The great utility of the Ulbricht sphere in the 
photometry of the leaf clearly lies in its power of 
integrating the diffuse flux radiated by the speci- 
men, or standard, illuminated normally, or nearly 
so, through an aperture. In this way tlie effects 
of varied angular distribution may be wiped out, 
and q, q\ and made substantially equal. With 
the sphere used in this manner measurements of 
P, strictly comparable with those of P', may 
readily be made by placing the specimen over the 
illumination aperture, while the standard surface 
remains in place in the sphere wall. 

In a previous jxiper (Meslre, 1930), the poten- 
tial usefulness of the original form of Hardy's 
(1929) recording spectrophotometer for measur- 
ing leaf transmission spectra was commented 
uptm and certain deficiencies, mainly in r^ard to 
the slit width required, were pointed out. Nuern- 
bergk ( 1932 ) also realized the great possibilities 
of this instrument for determining R, if it could 
be modified to include an Ulbricht sphere. In the 
elegant present modification of Hardy's instru- 
ment® all of these objections have been met, and 

d. See footnote 3, p. 192. 



200 


HAaotD Mestre 


it would now appear to be an almost ideal instru- 
ment for the determination of A'. A sing’le pos- 
sible change which might be required in order to 
avoid loss of the specular component of PV in 
glossy leaves, is to incline the sample at a slight 
angle to the incident beam. If the Ulbricht sphere 
is of sufficient size in relation to the illumination 
aperture, and the incident l)eam not too strictly 
collimated, this would not be necessary. 

One other possibility of the sphere, which 
arises out of the foregoing remarks concerning 
the specular component of PV, may be briefly 
mentioned. It is that with a suitable sphere this 
component might be determined by the difference 
between two successive measurements of 1^, the 
first with exactl> normal incidence, and the sec- 
ond with the specimen inclined just enough to 
prevent the exit of the specular reflection tlirough 
the illumination aperture. The incident light 
should, of course, I>o collimated as strictly as pos- 
sible. 

Gonio photometric Methods of Determining A' 
and R/T 

In concluding this di.sciission of A', we will re- 
fer only to two methods suggested by Nuern- 
bergk (1932), and actually applied to leaves by 
Se 3 ^ol(l (1933), by which the angular distribu- 
tion of P and P' is determined in a given plane 
at right angles to the specimen. The results of 
tills study have already been mentioned in con- 
nection with the discussion of the angular distri- 
bution of P and P' as experimental confirmation 
of the theory there expressed. Valuable though 
these observations are in giving a picture of the 
general character of the angular distribution, it 
must be pointed out that considerable refinement 
will lx; necessary before they may be made the 
basis of quantitative determinations of R and T, 
which could be used for the estimation of A'. 

In the photographic method, a narrow band of 
light (Seybold used filtered light, almost wholly 
of 540 ni/t) was thrown on the specimen and the 
P and P' allowed to fall on an encircling band of 
moving picture film. The developed image was 
then run through a Zeiss recording densitometer. 
With the subsequent computation of the ratio 
R/T, in which planimeter integrations of the 
areas below the two densitometer traces are taken 
as proportional to P' and P, it is not possible to 
agree. This is not only because of the omission 
of the corrections usual in photographic photo- 
metry, but also because of the failure to integrate 
over the entire solid angle (Zw) through which 
each flux is distributed. In view of the manifest 
differences in angular distribution this operation 
cannot be omitted. Owing to the many difficul- 
ties inherent in photographic photometry, Sey- 
bold *s second method would seem more promising. 


In this method a photogalvanic cell was caused 
to travel in a circular path about the irradiated 
specimen, and the amplified galvanometer deflec- 
tions recorded photographically. In addition to 
making the same criticism in regard to integra- 
tion in one plane only, it should be pointed out 
that it is also necessary to correct tor the fact 
that the photocell apparently was not rotated on 
a great circle about the specimen, but on a smaller 
circular path in a plane parallel to the plane of 
the great circle passing through the slit. It may 
also be suggested that the resolving power of the 
apiiaratus could be greatly increased by using a 
slit in front of the photocell or, preferaWy, by 
adding an optical system of high directional selec- 
tivity to the photometric unit. 

III. The Determimtion of the Absorption 
Factor of the Flastid Pigments 

The total absorption factor must be the sum 
of a large number of partial absorption factors, 
representing absorption by all of the varied con- 
stituents of the leaf tissues. If we denote the 
partial absorption due to the plastid pigments by 
Ap, and all the remainder of the absorption due 
to cell walls, water, cj^toplasmic pigments, etc., by 
At, we may write : 

Ap =: A — At (4) 

Outside of the direct value of the determination 
of A for investigations of the energy balance of 
the leaf, it is evidently of basic importance as a 
primary step in the estimation of Ap, which is of 
such vital interest to plant physiologists on ac- 
count of its relation to i)hotosynthewSis. This ar- 
dent desire for working values of Ap, the already 
discussed instrumental difficulties arising from 
the an^ar distribution of P and P', resulting in 
impossibly low values for T when determined 
from P/Po measured with an ordinary spectro- 
photometer, and the complete inability to measure 
R, Jed to a long series of attempts to approximate 
Ap by some other means. 

In all of the earlier attempts this involved 
either an explicit or an implicit exclusion of R 
from consideration. In most attempts there was 
an additional negation of one or more factors 
characteristic of the leaf or algal thallus. The 
attempt of Timiriazeff (1903) to estimate Ap on 
the basis of the absorption by an extract of the 
pigments from a given leaf area, traversed by a 
collimated beam of light of this same cross-sec- 
tional area, constituted not only a total ignoring 
of all of the optical properties of the leaf, but 
also the implicit assumption that the absorption 
of the extracted, and the in vim, pigments varied 
in the same way as a function of wavelength. 
This erroneous assumption will be further dis- 
cussed in connection with the observations of 
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Wurmser (1921)^ and of Warburg and Negelein 
(1923). 

Only slightly less definite a denial of the struc- 
ture of the leaf is implied in the assumption that 
Ap can be estimated by comparing the transmis- 
sion factor for an albino leaf with that of the 
normal green variety, or those of the **white** and 
^^green^* portions of the variegated leaf. In its 
crudest form this results in the expression : 

Ap = T (5) 

Taking the data of Brown and Escombe 
(1905), showing Tajj = 0.255 and T = 0.213 
for the leaf of Negundo aceroides {Acer negun- 
do), Weigert (1911) applied this equation and 
obtained the absurd figure of Ap = 0.042. It 
was, nevertheless, used by him to calculate that 98 
percent of the energy absorbed by the plastid pig- 
ments was used in photosynthesis. 

By comparison with the data of Seybold 
(1932b) for this leaf, it would appear that the 
excessively low value for Ap obtained by Weigert 
was due to the fact tliat much of the transmission 
for Ixith the albino and green, m Brown and Es- 
comlie's observations, was in the near infrared, 
between the red chlorophylloid absorption maxi- 
mum and the water bands at 1.4 fi. In any case, 
the objection, first raised by Willstatter and Stoll 
(1918), that the greatly increased mean light j>ath 
in the albino leaf will result in such a great in- 
crease in absorption by its tissues that its trans- 
mission cannot be taken as a direct measure of 
At in the normal leaf, will apply here. Evidently 
the high value of w will also effect quite a differ- 
ent partition between R and T. 

Brown and Escombe, however, in their en- 
deavor to obtain a figure for Ap which would ap- 
pear more in harmony with those of Timinazeff 
(0.20 to 0.29, by the extraction method), con- 
sideied that the difference between the two trans- 
missions should be expressed as a fraction of the 
flux transmitted by the albino leaf, which they as- 
sumed to represent that of the tissues alone. This 
resulted in an expression of the form : 

Ap = (Ta,6 - T)/TcI6 (6) 

which, with the above data, gave Ap = 0,165, a 
figure which appealed to them as being in reason- 
able agreement with Timiriazeff. 

This expression has f>een Used as recently as 
1934 by Schanderl and Kaempfert, who obtained 
with it such apparently reasonable values as 0.70 
for filtered ‘Vhite light”, and 0.63 for “green- 
yellow”. In addition to ignoring R, and the op- 
tics of the leaf, equation 6 also involves the im- 
plicit assumption, as pointed out by Willstatter 
and Stoll, that all of the pigment is located on 
the underside of the leaf or, at least, absorbs 
quite independently of the leaf tissues. It is, 
therefore, fundamentally erroneous, and values 


for Ap derived by its use can have no actual va- 
lidity, however reasonable they may appear to be. 

Rei}\ke*s Method 

Reinke (1883, 1886), who obviously had an 
excellent understanding of the optics of the leaf, 
initiated a procedure which at first sight would 
appear to differ from that of Brown and Es- 
combe. He assumed that the difference between 
the extinction coefficient of a normal leaf or tlial- 
lus, and the extinction coefficient for the same 
tissue with the pigment extracted by alcohol, rep- 
resented the absorption coefficient for the plastid 
pigments, which we will represent here by Kp^^. 
This, in our notation, would be written: 

Kp = E ~ E«, (6) 

from which, continuing to ignore Ri and R« : 

Ap = 1 - 10"^" = 1 - = 

(T„ - T)/T„ (7) 

This is identical in form with Brown and Es- 
coinbe*s second expression, which was so justifi- 
ably criticised by Willstatter and Stoll. 

This manner of estimating Ap, while obviously 
incorrect, has been widely used and, with certain 
types of material, gives values which are appar- 
ently of a rational order of magnitude. It will, 
therefore, ]>e worthwhile to consider it somewhat 
further. The most evident reason for the fairlv 
realistic values obtained is the elimination of the 
usual large error arising from angular aiierture. 
This is due to the fact that only the ratios of the 
measured fluxes are used, as can be seen by re- 
writing equation 7 as follow: 

Ap = 1 T/T^ = 1 - WP/qPo)/(q'P^/qPo) 
= 1 -- qT/qT,^ ( 8 ) 

where the values of </' for J* and Pw may be con- 
sidered to l)e very nearly equal. The values found 
for E and £«. are, of course, much too high, and 
the corresponding values of T much too low, due 
to the fact that q is very much larger than q', but, 
just as in the case of Vierordt, the ratios are sub- 
stantially correct. 

From equations 4 and 2, we may write for the 
correct value of the pigment absorption factor : 

Ap = 1 -- (R, + R, + T + A,) (9) 

If Reinke's expression were correct, we would 
then be able to write : 

R, + R, + T + At = T/T^ (10) 

which is obviously not true. The origin of the 
apparently reasonable values obtained for Ap by 
Reinke’s expression is now clear. From the pre- 

30. The notation here used ia simply an extension 
of that in footnote 2, p. 191, to partial absorptions 
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vious analysis it is plain that the left hand term 
of equation 10 will increase with decreasing A, 
as the sum of the three factors R«, T, and At, 
which are all increasing, R/ not being affected. 
The right hand term will also be increasing with 
T, and this increase will be multiplied by the fac- 
tor l/Twi which may be a relatively large number 
when q' is small. Wurmser (1921), who used 
Reinke's method, with the single exception that 
Tw rc^iresents the transmission factor of a sun- 
bleached thallus of Ulva instead of an alcohol ex- 
tracted one, found a uniform value for £« of 
practically 1.00, which would give l/T^ a value 
of 10. It may be remarked that it is obviously 
impossible to multiply all of the various values of 
T by a constant factor and obtain correct values 
at different wavelengths, as T, and do not 
vary as identical functions of the absorWng 
power. 

The incorrectness of Reinke’s expression can 
also readily be seen by examining tlie boundary 
value as pigment absorption increases. From 
equation 9 it is evident that A, can never have a 
value higher than 1 — (Ri + where x repre- 
sents the sum of the small residual values of R* 
and At, which do not approach zero as a limit. 
On the other hand, the limit approached by T 
with increasing absorption is zero, so tliat the 
limiting value of Ap in Reinke’s equation is unity. 
This is impossible. 

It should also be observed that Reinke confined 
his observations to water injected leaves and to 
the flat thalli of algae, all measured while im- 
mersed, and hence under conditions where Ri is 
at a minimum. While this is a normal condition 
for marine algae, it is evident, from the previous 
analysis of the effect of injection on A, that Ap 
for an injected leaf must be less than for a nor- 
mal air-filled one. The fact that in thin algae and 
injected leaves T is much more important than 
R(t or At also contributed to covering up the in- 
correctness of the expression. 

The Methods of Warburg and Negclein 

The work of Warburg and Negelein (1922, 
1923), which still constitutes our chief source of 
information regarding the photochemical effici- 
ency of the plastid pigments, well illustrates the 
difficulties inherent in the estimation of Ap. 
Strictly speaking, they made no effort to deter- 
mine this factor, as they merely endeavored to set 
up a system wherein they could consider Pa = 
Po. This they did by irradiating a thick suspen- 
sion of Chlorella cells through the bottom of a 
manometer vessel, the other surfaces of which 
had been, in so far as possible, silvered on the 
outside. 

In their 1922 experiments they made no at- 
tempt to determine P', assuming it to be negligi- 


ble, and assured themselves, in two different 
ways, that P actually could be neglected. The 
first of these was that on doubling the cell con- 
centration, they found no increase in the rate of 
photos>nthesis. The second was that an alcoholic 
extract of the cell suspension, of the same volume 
and area, apparently showed complete absorption 
when placed in front of the bolometer used for 
the measurement of Po. 

In the work reported in 1923, where monochro- 
matic (578, 546, 436 m/x) and filtered (690-610 
m/t) radiation was used, an effort was made to 
show that P' actually was negligible. To do this 
they covered one half of the lower surface of the 
the manometer vessel, containing the cell suspen- 
sion, with tinfoil coated with MgO, and illumi- 
nated both halves uniformly with a collimated 
beam. The brightness of the MgO surface was 
then reduced by interj^osing smoked glass filters 
until it matched that of the uncovered area as ob- 
served from the side. The transmission factor of 
the filters was then determined with the bolo- 
meter and this taken as a measure of R. This was 
done for each of the above spectral regions with 
a resulting value of 0.005 at 546 m/i, and indeter- 
minate values less than this for tlie other wave- 
lengths. 

On the basis of these data, Warburg and Ne- 
gelein concluded that R was negligible m com- 
parison with other sources of error. It should be 
noted, however, that R is probably actually very 
much larger tlian indicated by the al)o\e tech 
niejue, mainly because of the fact that all P' in- 
cident on the glass bottom of the vessel at an 
angle of more than 49® will be totally reflected. 
The solid angle defined by this angle of incidence 
is only about 35 percent of the solid angle of 2ir 
steradiaiis over which P' is diwStnbutcd. The ap- 
proximately one third of F which is able to 
emerge from the vessel will, furthermore, be rap- 
idly decreasing in intensity as the angle of view 
departs from normal, and a comparison of the 
brightness of this surface in side view (angle not 
stated) with that of a practically perfect diffus- 
ing surface obeying Lamliert s cosine law will 
very consideral)ly increase the initial error. 

Warburg and Negelein also reinvestigated P in 
this later work with somewhat different results. 
The functional test indicated that absorption was 
not complete in the red owing to the use of non- 
monochromatic light, some of which was of wave- 
lengtlas where the ateorption coefficient was rela- 
tively low. The test with a methyl alcohol ex- 
tract showed a transmission of 3 percent at the 
two longer wavelengths, 10 percent at 546 m^, 
and less than 1 percent at 436 m^i. The assump- 
tion was made that the transmission of the actual 
suspension would be less than this, and, especially 
in view of the fact that much of it would be re- 
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fleeted back by the silvered walls, that P could be 
neglected except, perhaps, in the green, it is not 
apparent why this determination of P should not 
have been made directly on a cell suspension and 
all assumptions avoided. 

The Estimation of Absorption by the Green Pig- 
ments Alone 

Up to the present, we have been considering 
the total absorption by the plastid pigments, both 
green and yellow. If we write: 

A|,=:Ap + Ay (11) 

for the separate absorption of these two groups 
of pigments, it is evident that in the longer wave- 
length portion of the visible, extending to about 
540 m^, we may consider Ap and hg as identical. 
At some undetermined shorter wavelength, how- 
ever, the yellow pigments also begin to absorb 
energy to an unknown extent. 

For the interpretation of the data of plioto- 
synthetic function in light of shorter wavelengths, 
it is naturally of vital imix)rtance to know how 
much of the observed absorption is rchpectively 
attributable to the green and yellow plastid pig- 
ments, 'I'his has led to at least two attempts to 
interpret the absorption of the leaf in this region 
on the basis of the absorjjtion of the extracted 
pigments. 

The more extensive of these was that of 
Wurmser, who tried to give a complete interpre- 
tation of the absorption of the chlorophylloid pig- 
ments in UWa lactuca. Somewhat remarkably, 
after pointing out the error of Timiriazeff in at- 
tempting to interpret the absorption of the leaf 
in terms of the absorption of the extracted pig- 
ments, Wurmser essayed to do this by subtracting 
the absorption coeflicients of a petroleum ether 
solution of carotene from those which he found 
for the green thallus. The procedure was arbi- 
trary in every particular. It was assumed that 
the subsidiar} extinction maximum of the thallus 
at 492 m/t corresponded to the first absorption 
band of carotene at 480 m/x in alcoholic solution, 
the inflection at 460 m/x to the second carotenoid 
band at 450 m/*, and the principal maximum at 
430 ni/A to the carotenoid liand at 425 m/x. The 
above mentioned absorption curve was then dis- 
torted to bring its maxima into these new posi- 
tions and values assigned for the absorption co- 
efficients to make the longer wavelength portion 
fit the thallus curve quite closely. These values 
were then subtracted from those obtained for the 
thallus, the difference being considered to be the 
absorption coefficient (K^) of the chlorophylloid 
pigments. This procedure resulted in a practical- 
ly flat absorption minimum, with = 0.02 ex- 
cept at 560 m/x, extending from 5^ m/x in the 
yellow to 460 m/x in tlie blue. This corresponds 
to an absorption factor of only 5 percent. 


There would seem to be little justification for 
the large values assumed for the carotenoid ab- 
sorption. I'he resulting low absorption coeffi- 
cients for the chlorophylloid pigments in the 
green, blue, and violet are without doubt respon- 
sible for Wurmser’s finding that, if the photo- 
synthetic efficiency for the red region between 
750 m/x and 560 m/x were taken as unity, the effi- 
ciency in the green region from 560 m/x to 46u 
m/x would be 4.00, and tliat in the violet region 
from 460 m^ to 375 ni/x would be 2.35. The ac- 
tual absorption of the green pigments must have 
been very much higher, especially in the green, 
than the values used in computing the efficiency^^. 

Warburg and Negelein (1923) found that in 
the red, 4.4 quanta were absorbed per molecule of 
CO 2 reduced, and 4.3 quanta at 578 m/x, while at 
436 m/x, 5.1 quanta were needed. The first two 
figures represent chlorophylloid absorption alone, 
while at 436 ni/x the carotenoids are also absorb- 
ing. In an effort to find out whether this larger 
number of quanta required at this wavelength 
corresponded quantitatively to the added absorp- 
tion of the yellow pigments, they made a deter- 
mination of the absorption coefficients, at 436 m/x, 
of a methyl alcohol extract of the total cell pig- 
ments, and of the yellow pigments alone, after 
removal of the green pigments by saponification. 

From the ratio of these two coefficients, it was 
found that in the alcoholic extract 31 percent of 
the total absorption was due to the yellow pig- 
ments. Applying this result to the quantum data 
for the cell suspension, it would appear that the 
green pigments got only 3.5 quanta out of the 5.1 
absorbed. This led Warburg and Negelein to the 
statement that the yellow pigments apparently 
also functioned in photosynthesis, but less effi- 
ciently than the green ones. 

It is of importance to realize that no quantita- 
tive statement whatever can be made as to the ac- 
tual ab.sorption of pigments in znvo, at any given 
wavelength, on the basis of the absorption coeffi- 
cients of their extracts at the same wavelength. 
Not only is it probable that in some cases the in 
vivo pigments are altered chemically tlirough ex- 
traction, but the form of the absorption curve of 
the extracted pigment is a complex function of 
the polarity and dielectric constant of the s(;lvent, 
and of the electron configuration of the pigment 
molecule. A direct consequence of this is that a 
given solvent may not be expected to affect the 
forms of the absoq)tion spectra of two different 

11- In a later paper. (Aim. d. Ph 3 rsiol., 1:47, 1925) 
Wurmser has reported a utilization of 59 percent 
of the aheorbed energy in the red from 700 to 590 
m^, emd of 83 percent in the green from 590 to 490 
m^. While these values are less out of line than 
those cited above, they indicate that A^, for the 
green, still has been relatively underestimated. 



204 


HAtOtD Mestbe 


pigments in a similar fashion, or even to produce 
comparable changes in tviro absorption l)anfls of a 
single substance, where these are related to the 
transitions of different electrons. Under these 
circumstances, the ratio found for the absorj)tion 
coefficients of two dissimilar pigments at any par- 
ticular wavelength is seen to be largely a function 
of the solvent selected, and it cannot possibly bear 
any simple relation to the ratio in vivo, 

IV. The Analytical Approach to the 
Determination of Ap 

From the foregoing it is apparent that attempts 
to estimate Ap from the extinction coefficients of 
green and albino, or decolorized, leaves are whol- 
ly unsound. It is also evident that, lacking a 
method of determining A*, equation 9 is only of 
use for obtaining an approximate value in the re- 
gions of maximal pigment absorption, where T 
Incomes zero, and At so small that it can be neg- 
lected, so that Ap can be considered equal to 1 — 
R. Clearly a stalanate exists, and the only hope 
of escape lies in further analysis. In this section 
some of the more recent efforts in this direction 
will be briefly discussed. 

Pokrowski's Analysis of Rb 

In addition to his determinations of A, Pok- 
rowski made an interesting attempt to express Ri 
as the product of two factors, S and A. The lat- 
ter we will here denote by C, to avoid confusion 
with the absorption factor. S was assumed to be 
a function of the scattering power of the tissues, 
varying with the species, but only negligibly with 
wavelength. C, on the other hand, which appears 
to vary with wavelength, as some inverse function 
of the absorbing power, was assumed to be con- 
stant for any given wavelength regardless of the 
species. Rj, like S, was assumed to vary with the 
species but not with wavelength. Writing R = 
R/ + SC, Pokrowski assigned arbitrary constant 
values to Rj and S, for the leaves of the six 
species he investigated, and to C, for 13 wave- 
lengths between 670 m^ and 480 m/A, and calcu- 
lated values for R, These were astonishingly 
close to those determined experimentally for this 
wavelength range, the difference being in all cases 
less than 0.011. As, however, the values found 
for R ranged from 0.175 to 0.034, the percentage 
disagreement was usually between 5 and 10 per- 
cent, and in one case 25 percent. Both the maxi- 
mum absolute and percentage errors occurred at 
670 rcifi and 480 m/*. 

The value of these computations is much les- 
sened by the arbitrary nature of the procedure. 
In order to obtain such good agreements in this 
range, which, it should be noted, does not include 
either of the main absorption maxima, it was 
necessary, in some cases, to assign highly unreal 


values for Ri, such as, on the one hand, zero for 
Fraxinus excelsior, and, on the other, a value for 
Tilia parvi folia which was greater than the ob- 
served total of Ri -f at longer wavelengths. 
It would seem likely that if values for Ri were 
determined experimentally and inserted in Pok- 
rowski's expression, and the attempt made to ex- 
tend the calculations to regions of higher absorp- 
tion, the failure of the product SC to give ade- 
quate values for R* would become much more ap- 
parent. 

While Pokrowski*s expression for R* would 
not appear to be adequate, the fits obtained indi- 
cate that it is not without basis. From the analy- 
sis which has been given of the effects of various 
factors on the distribution of the entering flux 
(Po— I^r) it would seem indicated that, at any 
given wavelength (A), the flux P'* represents the 
net result of the continuous operation of <r, re- 
sponsible for the eventual partition into and 
P, and of the absorbing power of the pigments 
and tissues in attenuating these fluxes. 

This absorbing power is a complex function of 
the concentration and molecular absorption coeffi- 
cients of various absorbing substances, of the pat- 
tern effect, and of the detour factor. To a large 
extent, therefore, it is a function of a, which may 
he regarded as approximately constant for a given 
leaf, and of A. In leaves with a high cr, P'* in- 
creases at the expense of P, but some of this in- 
crease is offset by the effect of a in increasing 
and, hence, the absorbing power. It must, fur- 
thermore, be recallerl that this effect of cr on the 
absorbing power is also a function of the concen- 
tration and absorption coefficients of the absorb- 
ing substances, and that when these are high they 
operate directly to reduce w in ()pj)Osition to er, 
but where they are low, the effect of o- on a> is of 
great magnitude. 

Using the factor rather than the flux notation, 
Pokrowski^s S to indicate the net f>artilioning ef- 
fect of a, and C' to represent a reciprocal func- 
tion of the effect of the absorbing power on the 
rejected flux, we could write: 

Rt = SC' (1 - Ri) (12) 

This, it will be seen, leads to the expression: 

(13) 

R = Ri -f SC' - SCRi == R,(1-~SC') + SC 

which differs from Pokrowski 's equation in the 
important particular that the first term is now 
also a function of A. 

Naturally, with an additional degree of free- 
dom in the first term, it should be easier to fit the 
experimental data over a wide range of wave- 
lengths than with Pokrowski’s equation, if values 
for S, C', and Ri, are assigned in a purely arbi- 
trary manner. However, as already suggested, it 
would seem possible to determine Rj separately, 
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and it should, therefore, be possible to submit 
equation 13 to an adequate test when the neces- 
sary data for R and Ri become available. If it 
should prove possible to get consistant empirical 
values for S in this way, these may be further 
tested by means of the equation: 

T = C (1--R0 (1-S) (14) 

developed in the same manner as equation 13, C 
being the factor for the transmitted flux corre- 
sponding to C\ 

V. The Absorption Spectrum of the 
Chromatophore 

The concept that the determination of the ab- 
sorption spectrum of the individual chromato- 
phore would effect a satisfactory solution of the 
entire problem of the estimate of Ap, is a vener- 
able one. It perhaps originated with Timiriazeff 
(1872), who apparently regarded the absorption 
spectrum of the extracted pigments as “normar\ 
and identical with those in the plastid, and con- 
sidered the “deformation” of their spectrum in the 
leaf to be due to an admixture of “white light”, 
transmitted as a result of wliat we have here 
called pattern effect. Iwanowski (1907, 1913) 
modified this concept only to the extent of sub- 
stituting a somewhat nebulous “reflection spec- 
trum” for TimiriazefTs “white light”. This was 
based on Vierordt’s observation that R and T 
were not entirely similar in their spectral distri- 
bution. 

In more recent years, Becking and Ross (192S) 
made a microspectrophotograph using a single 
Eugleno. The densitometer tracing from this nega- 
tive indicates no especial difference from similar 
uncorrected densitometer tracings from spectro- 
photographs of Ulva. Seybold (1932b) attempted 
an analysis of the distribution of the incident flux 
by the leaf, based on an estimation of the rela- 
tive optical densities of the images of the plastids, 
and the surrounding cytoplasm, in photomicro- 
graphs of leaf sections. As the photomicro- 
graphs were apparently not made with mono- 
chromatic light, it is not possible to attach much 
significance to these density determinations on ac- 
count of the fact that the plastids, cytoplasm, and 
the photographic plate, are all absorbing selective- 
ly in dissimilar ways. The method, however, 
would appear to have distinct possibilities for 
analysis* if monochromatic illumination were 
used. This was clearly indicated in microphoto- 
graphs made some years ago, at the Hopkins 
Marine Station, in connection with a study of the 
thermal greening of brown algae, using quite 
narrow filtered regions in the green and orange- 
red. 

It should be pointed out here that the frequent 
assumption that Lambert's absorption law can 
hold within the leaf is not warranted. The ap- 


plicability of the laws of Lambert and Beer to 
leaves, has often been discussed. All too com- 
monly it has been forgotten that both of these 
laws apply only to the absorption of monochro- 
matic radiation, and, furthermore, that it is as- 
sumed that the absorbing substances are homo- 
geneously dispersed in the medium through which 
the radiation is passing. In systaiis where the 
pigment is aggregated into discrete units. Beer’s 
law can only hold where the variation in 'concen- 
tration’ is represented by a variation in the num- 
ber of 'discrete units’ per unit volume, and not 
where the pigment concentration in the discrete 
units is varied (cf. Mestre, 1935). Moreover, in 
systems where scattering is present, Beer’s law 
can only hold for the fliix transmitted without de- 
viation, which is negligible in the case of a leaf. 
Due to the effect of pigment absorption on w, and 
hence on P, it is clear that Beer’s law has no sig- 
nificance here. Owing to the utterly unhijmogen- 
eous distribution of the pigment, Lambert’s law, 
likewise, is without application within the leaf, 
and to postulate it is to deny the entire histologi- 
cal picture. With multiple thicknesses of leaves, 
or algae, and a fully diffused incident flux, Lam- 
bert’s law holds for extinction. That is to say, 
En = nEi, where n is the number of leaves, and 
El is the extinction for a single leaf. 

The attack, by means of what may lie called 
morphological analysis, presents interesting pos- 
sibilities, but will only be discussed very briefly 
here. In this approach, the leaf, or thallus, is 
dissected and the optical properties of the differ- 
ent layers determined separately. Methods of 
this type have been found of value by the writer 
in the study of the transmission of such large 
brown algae as Lcnninaria, where almost all of 
the pigment is localized in a thin layer on either 
surface, and can easily be removed. Schanderl 
and Kaempfert have successfully applied this tech- 
nique to the leaves of Ficus elastica and of Cyclch 
men persicum, and have arrived at a valuable pic- 
ture of the transmission factors for the various 
layers. In order, however, to obtain a true pic- 
ture of absorption, by means of this method of 
analysis, it will be necessary to make measure- 
ments not only of T but of R, for the various 
layers. 

VI. Algal ThoUi, Suspensions of Algae, and 
Cylindrical Plant Forms 

In concluding this analysis of the absorption of 
radiation by leaves and algae, a few words must 
be said about the special problems arising in con- 
nection with the above mentioneil special forms. 
The flat algal thallus would appear to be ideal ma- 
terial for spectrophotometric studies of pigment 
absorption. Successive samples of great uni- 
formity can easily be obtained, there is no prob- 
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1cm arising from the presence of air-cell inter- 
faces, and surface effects are obviously less com- 
plex. With a collimated incident flux, Rj will 
evidently be low, as the surface reflection is al- 
most wholly regular, and ns and % differ only 
slightly. In many thick forms, such as Lcmim* 
ria, it is probable that R® will be very nearly equal 
to T, as the central tissues will completely scat- 
ter all entering flux, and both emergent fluxes 
will have traversed two substantially identical 
pigmented layers. In very thin foims, like Monr- 
astronux and Ulva, we may expect that R will be 
much smaller than T, and that the reflected flux 
will be more evenly scattered than the transmit- 
ted one. In the thalli of marine algae the value 
of <r is apparently largely dependent upon the 
state of hydration of the pectic substances of the 
middle lamellae. 

The chief difficulty in the photometric study of 
the flat algal thallus arises from the fact that 
this material must usually be observed while im- 
mersed in water contained in a glass cuvette. 
This condition also prevails when working with 
suspensions of unicellular forms, or with water 
injected leaves, and, with the substitution of air 
for water, in the case of ordinary leaves enclosed 
in a respiration chamber. From the previous dis- 
cussions of refraction and total reflection at glos- 
sy cuticular surfaces, and of reflection at the 
glass covers of thermopiles, it will be evident that 
correction must be made for the effects of the 
air-glass-water, or air-glass-air, interfaces of the 
containing cuvette or chamber, if serious error is 
to be avoided in the measurement of the diffused 
emergent fluxes. Up to the present no determi- 
nations of R seem to have been made on material 
observed under these conditions, and no determi- 
nations of T have appeared in the literature in 
which the above indicated corrections have been 
made. In his recent spectrophotometric study of 
the submerged algal thallus, Seybold (1934b) has 
found it necessary to resort to the use of arbi- 
trary values for R, based on Shull's measure- 
ments for the leaf, in order to estimate A, 

Suspensions of unicellular algae are of particu- 
lar interest, owing to their wide use in connection 
with the Warburg-Harcroft technique of study- 
ing photosynthesis, and present certain distinctly 
cliaracteristic optical problems. In general it may 
be remarked tliat due to the approximately spher- 
ical form of the suspended algae, the angular dis- 
tribution of Ri will be such that, owing to total 
reflection, only a small proportion of this flux 
will be able to find exit, through the surface of 
incidence, from the cuvette in wffiich the suspen- 
sion must necessarily be contained. 

It will be evident that, in the case of suspen- 
sions, <i> will vary with the cell concentration, as 
well as with changes in and ni. This depend- 


ence of <0 on cell concentration must be borne in 
mind when working with varying cell concentra- 
tions, since change in m and change in pigment 
concentration, or in molecular absorption coeffi- 
cient, are optically indistinguishable. The parti- 
tion of the entering flux into transmitted and re- 
jected fluxes will, of course, also depend on 

With decreasing cell concentrations, an increas- 
ing portion of the incident flux will pass through 
the suspension without contact witli cells, and 
hence without deviation. For an additional con- 
sideration of this undeviated flux (Pk), reference 
is made to a paper dealing with suspensions of 
bacteria (Mestre, 1935), It should also be men- 
tioned that pattern effects may become important 
if clumping of the suspended cells occurs. 

For a consideration of cylindrical forms such 
as the coleoptile of Avena, or the sporangiophore 
of Phycmnyces, reference is made to Neurnbergk, 
and to Castle (1933). 

VI 1. Discussion ami Summary 

A general analysis of the distribution of a light 
flux incident on a leaf, leads to the conclusion 
that there are two unequivocal methods for de- 
termining the total energy (Po) absorbed by the 
leaf. The first of these is the measurement of the 
total incident, transmitted, and reflected fluxes 
(Po, P, and P') in a strictly comparable manner. 
The second is the measurement of the transmis- 
sion factor (T = P/Po), and the reflection fac- 
tor (R = P'/Po). The ratio of R to T increases 
with O', the scattering power of the leaf, and also 
with the absorliing power of the leaf pigments 
and tissues. The absolute magnitudes of R and 
T depend, in part, on the nature of the leaf sur- 
faces. They also decrease with increasing ab- 
sorbing power. 

It is indicated that o- is mainly a function of 
differences in index of refraction at interfaces in 
the tissues of the leaf, and that the absorbing 
power depends not only on the absorption coeffi- 
cients and concentrations of the various absorb- 
ing substances, but also on two other factors. 
These are the detour factor (w), representing the 
mean length of the light path through the leaf be- 
tween incidence and emergence, and the pattern 
factor (p), which is a measure of the lessened 
effectiveness of the plastid pigments as absorbers, 
due to their being segregated into discrete chro- 
matophores arranged in varied patterns. 

While m increases rapidly with increasing cr, 
and thereby proportionately increases the absorb- 
ing power, it is also, somewhat paradoxically, de- 
creased by an increase in either pigment concen- 
tration or absorption coefficient. This has the im- 
portant result of greatly increasing the relative 
absorbing efficiency of the plastid pigments in 
such regions of low absorption coefficient as the 
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green, or with low pigment concentration, as in 
young leaves or yellow varieties. 

The optical characteristics of the leaf surfaces 
may not only be of importance in excluding in- 
cident flux from the tissues; but they may also 
function as a ‘*light trap”, partially preventing 
the escape of flux which has entered. The effi- 
ciency of a highly diffusing surface as a light 
trap is shown by the already cited observation of 
Shull that R for the lower surface of P^pulus 
alba only varies very slightly with wavelength. 
This clearly indicates that little ot the entering 
flux is able to return through this surface. The 
leaf surfaces also play a very sizeable part in de- 
termining the angular distribution of P and P', 
which is of considemble importance in connec- 
tion with the measurement of these fluxes. Ap- 
plication of Fresners and Snell's laws to glossy 
surfaces indicates tliat their efficiency, both in 
excluding and in retaining fluxes, is probably 
larger than previously suspected, and that they 
may also have an important effect on the angular 
distribution of the emergent fluxes. 

The infrared radiation from the leaf is of suf- 
ficient magnitude to be of importance in connec- 
tion with the determination of the absorption fac- 
tor, where thermopiles or I>olometers are used for 
measurement, and would appear to be worthy of 
further study from the viewpoint of spectral dis- 
tribution. 1 'he fluorescence emitted by the green 
pigments is of such very low intensity that it is 
quite negligible in the determination of P and P'. 
On the other hand, owing to the possibility, first 
stressed by Reinke (1883), that the ability of 
these pigments to fluoresce may he intimately re- 
lated to their role in photosynthesis, it is a flux 
of extraordinary interest. 

This interest has been much enhanced recently 
through the work of Kautsky and his collabora- 
tors, which lias been reviewed in the paper by 
Ta>lor in this volume. As I remarked in the dis- 
cussion of Taylor’s paper, there would appear to 
tie certain objections to a too ready acceptance of 
Kautsky ’s extension of his activated O 2 mechan- 
ism to include the photochemical reduction of 
COs in the plant. These objections mainly arise 
from the fact that in all of Kautsky ’s work ultra- 
violet light was present, and because the amount 
of energy actually involved in the variation be- 
tween maximal and minimal fluorescence is ex- 
tremely small. 

In nature, photosynthesis is, for the most part, 
carried on with energv derived from the longer 
wavelength portion of the visible through ab- 
sorption by the chlorophylloid pigments. It is 
known, from the work of Warburg and Negelein, 
that photosynthesis can proceed with maximal ef- 
ficiency in red light alone, and with slightly re- 
duced efficiency in blue light. Nothing quantita- 
tive is known about photosynthesis in ultravio- 


let light, but Ursprung (1917) has stated that it 
does proceed, although slowly. It is somewhat 
unfortunate that all of the work of Kautsky and 
his collaborators has, with the exception of a 
single experiment, been carried on with filtered 
ultraviolet light between the approximate limits 
400 to 350 mju. As the light source used was a 
quartz Hg arc, irradiation was, presumably, main- 
ly with the 360 trifi group of lines. In the single 
experiment mentioned, Kautsky (1934) has at- 
tempted to link the phenomena observed with ul- 
traviolet excitation, more closely with photosyn- 
thesis by using the light from a carbon arc fil- 
tered through amnioniacal CUSO 4 . No exact data 
are given as to the filter, or its transmission, other 
than the statement that the long wavelength visi- 
ble was excluded, the transmission being practical- 
ly limited to the violet and blue. The data of 
Wood (1934) show that a filter of this composi- 
tion, having the stated transmission in the visi- 
ble, would also transmit to about 350 m/* in the 
ultraviolet. In this case the possibility docs not 
seem to be excluded that ^utsky’s observed 
fluorescence effects are due wholly to excitation 
by near ultraviolet, and perhaps have no direct 
connection with the mechanism of photosynthesis 
in visible light. 

Another fact painting in this same direction, is 
the extremely low intensity of fluorescence in the 
leaf as compared with that of chlorophyll in solu- 
tion. This leaf fluorescence is of such low in- 
tensity that its very existance was denied for 
many }ears, and it can only be observed with the 
aid of good filters and intense illumination. 
Kautsky himself (1935) has commented on the 
fact that only a very small fraction of the quan- 
ta absorbed ever appear as fluorescence in the 
leaf, even when it is maximal, and remarks that 
therefore the variation in fluorescence intensity 
can only be considered as an indicator of the 
course of the main transfonnation of energy of 
excitation into chemical energy. If, as Kautsky 
apparently assumes, the main alternative of the 
excited chloroph}!! molecule lies between fluor- 
escence and a transfer of the energy to his hypo- 
thetical labile oxygen compound, the fluorescence 
intensity, in the absence of O 2 , should rise to a 
very much higher level than that observed. Kaut- 
sky 's data seem rather to point toward an as- 
sumption tliat the main transfer of energy is to 
some molecule other than O 2 , which is an essen- 
tial link in the photoreduction process, and with 
which the chlorophyll is always closely associated. 
The transfer to the oxygen compound can then be 
regarded as representing a relatively minor reac- 
tion, wWch may, however, be important as indi- 
cating the existence of a ])liotosensitized respira- 
tion, which is independent of the respiration oc- 
curring in the dark. 

In regard to the often reported dependence of 
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photosynthesis on the presence of oxygen, it 
should be noted that there is evidence to show 
that this dependence is far from absolute. In 
Beijerinck's (1901) well known method for de- 
tecting photosynthesis, a small piece of an algal 
thallus is seal^ in a ttibe with a thick suspension 
of luminous bacteria. If this preparation is then 
kept in darkness, the luminescence of the bacteria 
decreases and then ceases entirely, as the oxygen 
tension is reduced by their respiration, and by 
that of the algal material, to a level l>elow the 
minimum required for luminescence. This mini- 
mum Harvey and Morrison have found (see 
Harvey, 1927) to be a partial pressure of 0.0053 
mm. Hg,, which would be only about 7 X lO*® 
atmospheres. We may further calculate that this 
would correspond to about 2 X 10^^ niolecules 
of O 2 per cc. of suspension. If we assume that 
there are only 10® bacteria per cc., this would be 
2 X 10® molecules of O 2 per bacterium. Taking 
Harvey’s figure, that about 2 X 10® molecules of 
(>2 are required, per l^acterium per second, for 
respiration, this would indicate that some ten sec- 
onds after luminescence ceased the culture would 
be practically anaerobic. If, when in this condi- 
tion, a lighted match is held, for a few seconds, 
near the preparation, a distinct luminescence im- 
mediately follows, indicating that the almost ab- 
solute lack of O 2 has not prevented the initiation 
of photosynthesis, (cf. Molisch, 1905). 

It would, on the whole, seem simpler to assume 
that the presence of oxygen has little direct rela- 
tion to the photochemistry of CO 2 reduction, and 
that the frequently observed failure to initiate 
photo.syn thesis in the absence of O 2 indicates that 
the plant is dead, or nearly so. After all, we 
have no more right to expect a plant cell with an 
aerobic metabolism to survive intact when de- 
prived of O 2 , than we would have in the case of 
an animal. In both plants and animals, it might 
be observed, there is evidence of a considerable 
variation in the ability to withstand reduced O 2 
tensions. 

A thorough recognition of the possible effects 
of physiological and pathological variations in 
plant material is of major importance in the de- 
termination of the absorption factor. Not only 
may differences in age, cultural condition, or gen- 
etic composition, l)e reflected in marked variations 
Jn surface, in <7, and in pigmentation, but exten- 
sive changes in p may take place during observa- 
tion, if the plaslids change their distribution pat- 
tern when irradiated. Pathological changes, 
whether preexisting, or resulting from the condi- 
tions of examination, must not be allowed to pass 
undetected, as errors of the first order of mag- 
nitude may easily result. 

Many of these changes take place with the 
greatest rapidity, under certain conditions of ob- 


servation, and their effect may then be offset by 
some other change producing an effect of corre- 
sponding magnitude in the opposite direction. An 
extreme, but striking, illustration of this is fur- 
nished by the optical clianges occurring in brown 
algae dipped into hot water. At some wave- 
lengths the initial great increase in T, wliich re- 
sults from a decrease in <r, due to the rapid hy- 
dration of the pectic substances of the middle 
lamellae, is followed by an almost equally rapid 
and exactly equivalent decrease, due to swelling 
of the chromatophores with a resulting increase 
in p. 

From a photometric viewpoint, it is apparent 
that there is no longer any reason why determina- 
tions, of a satisfactory order of accuracy, should 
not be made of A', the absorption factor with a 
collimated incident flux. We have, however, 
reached a point where the continued accumula- 
tion, by a large variety of methods, of first ap- 
proximation data concerning the energy absorp- 
tion of leaves or algae, of an increasing number 
of species in somewhat indeterminate ph>siologi- 
cal states, would seem to be distinctly less useful 
than effecting a thorough-going general agree- 
ment on instrumental methods. Of these, two 
types appear to offer the best possibilities for the 
securing of accurate comparable measurements of 
R and T. These are Ulbricht sphere methods, as 
exemplified by Hardy’s recording analy^ser, and 
mirror methods modified from that of Cohlentz. 

The different laboratory techniques should first 
be brought into as close harmony as possil)le by 
means of measurements on comi)arahlc material. 
This implies either that certain laboratories must 
be equipped to make such comparative measure- 
ments, with a variety of techniques on identical 
biological material, or that models of various 
sorts must be devised which may he passed from 
laboratory to laboratory for measurement or, pre- 
ferably, both. This latter practice has proved of 
the greatest value to physical laboratories en- 
gaged with photometric problems, and there 
would seem to be no reason why biologists should 
not profit by it. It would appear to be entirely 
possible to construct adequate models out of glass 
cuvettes packed with fairly accurately sized green 
glass spheres, of a diameter of approximately 5 
fi, with the interstices variously filled with air, 
water, ethyl cinnainate, and other fluids if desired. 
Either or both of the cuvette surfaces could be 
ground, or etched with hydrofluoric acid, to simu- 
late various leaf surfaces. It should, incidentally-, 
be possible to learn much by the study of models 
of this type with varying and pigment ab- 
sorption. 

Where discrepancies in the measurements made 
with different instruments, or by different labora- 
tories, were found to exist, these measurements 
should indicate changes in design, which would 
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bring about agreement, or at least make it possi- 
ble to determine adequate corrective factors. The 
existance of standardized laboratory instrumental 
techniques would not only avoid much futile con- 
troversy, but should lead to the development of 
simpler, more rapid, and less expensive instru- 
ments suitable for use in the field and for many 
physiological studies. The utility of these instru- 
ments would be greatly increased by calibration 
against the more elaborate instruments. 

The technique for determining A", the absorp- 
tion factor for a diffuse incident flux, is evidently 
not in a satisfactory state. The determination of 
T for diffuse irradiation presents no difficulties, 
but, while it is quite prot>able that the correspond- 
ing determinations of R can actually be made, no 
strictly comparable method for doing so has yet 
been devised. Owing to the importance of A" 
in ecological problems, and in laboratory experi- 
ments where growing plants are irradiated by a 
“cross-fire** from a number of artificial sources, 
it would seem to be quite worthwhile to determine 
the relation of A' to A" with the greatest pos- 
sible accuracy. As already suggested, it is quite 
possible that A", due to compensatory effects on 
R and T, may prove to differ very little from A'. 
If it does differ materially, it may still be pos- 
sible to work out a factor for estimating A" from 
a determination of A', and of T for diffuse ir- 
radiation. 

It is likewise evident that we are not yet able 
to determine Ap, the absorption factor for the 
plastid pigments. We can expect that in regions 
of high absorption, Ap will approach A rather 
closely, both becoming nearly equal to 1 — R. 
When the pigment absorbing power is low, Ap 
will be less than A by a considerable amount, 
owing to the higher value of the tissue absorp- 
tion factor Atf resulting from the great increase 
in ( 0 . 

There would seem to be no point in attempting 
to extend the theoretical analysis further in the 
absence of adequate experimental methods and 
data. It is quite possible, as already suggested, 
that sufficiently accurate data may show many of 
the theoretically indicated effects to be of second 
or third order magnitude, which may safely be 
compensated for by approximate correction fac- 
tors, or disregarded entirely. On the other hand, 
it must be borne in mind that only through gen- 
uinely precise photometric measurements will it 
be possible to decide such questions. For many 
purposes rather rough approximations are entire- 
ly sufficient, as other unknown variables of rela- 
tively large magnitude are pressent, but it should 
be realized that the ultimate goal of the photo- 
metric study of plant tissues is the development 
of the theoretical analysis and the experimental 
technique to a point where detectable differences 


in the optical properties may be interpreted in 
terms of structure and physiolgical state, and vhe 
versa. 
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AN ANALYSIS OF ORIENTED MOVEMENTS OF ANIMALS IN UGHT FIELDS 


Habold 

In essence the “tropism theory"' of Loeb^ as- 
sumes that all oriented movements of animals re- 
sult from the fact that differential stimulation of 
sensory receptors on the two sides of an organism 
produces a difference in the effective movements 
of the locomotor organs of the two sides. On 
the other hand, Kiihn (18) advanced a classifica- 
tion which divided oriented movements into num- 
erous categories on the basis of the paths taken 
by the animals in stimulating fields having dif- 
ferent spatial arrangements, and assigned separ- 
ate mechanisms to each category. This classifi- 
cation has had considerable acceptance and has 
been recently reconsidered in an extensive review 
by Fraenkel (12). 

In the present discussion it will be shown that 
the various classifications of Kiihn may be ex- 
plained without making further assumptions than 
those implicit in the ‘"tropism theory", at least 
with regard to orientation in which light is the 
stimulating agent. It will be necessary before 
proceeding to make a brief analysis of this gen- 
eral theory and define certain terms which we 
shall use. 

Progression and angular velocities. Let us con- 
sider an organism moving in a horizontal plane 
by means of locomotor appendages distributed on 
two sides of a median perpendicular plane. If 
the effective movements of these appendages are 
equal in direction and magnitude on the two 
sides of this median plane, the animal will move 
in a straight line with a velocity v produced by the 
combined movements of the locomotor append- 
ages; this we will refer to as the progression 
velocity. If, however, the effective movements of 
the appendages are not equal on the two sides of 
the median plane, the animal will continue to 
move forward, but will exhibit in addition an 
angular velocity «» about an axis located some- 
where in the median perpendicular plane. Re- 
sulting from this rotation there will be a change 
in direction which for a given length of time will 
be equivalent to the addition of a vector compo- 
nent at right angles to the progression component. 
The arfangement of these velocity components is 
diagramm^ in fig, 1 where the animal is assumed 
to be moving in the plane of the paper ; AB is 
the median plane of the animal, a is the axis of 
rotation, ab is the progression velocity v, and be 
the lateral velocity component. 

The path of the animal can be most conveni- 
ently described as the locus of the point a at the 

I This theory has been called by Mast (19) the 
Ray-ds Candolle theory. We shall not be concerned 
here with the origin of this concept, and shall avoid 
the term **tropism** as it is in use in more than one 
sense. 


F, Blum 





FIGURE 1 

AB » median plane of animal X. 
a « axis of rotation, 
ab — progression component 
be lateral component 
a * angle of turning. 

intersection of the axis of rotation with the plane 
of movement. For a given interval of time, v 
will be measured by the distance travelled s, and 
cu by the angle a (fig. 1). Thus: 

r/p = a)/v = a/s = K 

The ratio K represents the curvature of the path 
of the animal at any point. If K has a constant 
value, the pathway will be a circle (see below) ; 
when = 0, K =: 0, and the path is a straight 
line. 

If the animal has two or more sensory organs 
susceptible to stimulation by a field of stimulus, 
these organs must receive different amounts of 
stimulus, except when oriented in a particular 
way to this stimulating field. Although these 
sensory organs need not be bilaterally placed, for 
the time being it will be more simple to consider 
only this special case, and also to consider only 
the case of a parallel field of light rays. Under 
these conditions the sensory organs will only re- 
ceive equal stimulus when the median plane of the 
animal lies parallel to the light rays; and if the 
differential stimulation of the organs exerts a 
differential influence on the effective movement 
of the locomotor organs on the two sides of the 
body, the animal will be subject to an angular ve- 
locity when it is placed in any other position. If 
the velocity of progression v remains constant, 
the curvature K then becomes a function of the 
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dilfferential illuminatiott of the two receptor or- 
gans. 

At this point the mathematical analysis of the 
problem becomes extremely difficult because of 
our lack of knowledge as to how the difference in 
stimulation of the receptors varies when the posi- 
tion of the organism changes with regard to the 
stimulating field. This should be some function 
of the angle which the median plane of the or- 
ganism makes with the direction of the stimulat- 
ing field. Fig. 2 illustrates a simple possibility. 





The dark surface z represents the photosensi- 
tive organ. The amount of light striking this 
organ will be proportional to y. y z sin 

In this hypothetical animal only one sense organ 
can be illuminated at a time, and when the animal 
is oriented parallel to the light rays, no stimula- 
tion occurs. If we assume that the stimulation is 
proportional to the incident light, the angular 
velocity w, will be proportional to the difference 
between the amount of stimulation of the two 
receptors : 

<» — f (ji — y2) 

where yi and y 2 are the quantities of light strik- 
ing the two eyes. In the above case : 

y2 = 0 

and yi = k (sine 
.\io=zF0 

This particular case should be susceptible to 
mathematical analysis, but it would represent only 
a special case which probably never occurs in na- 
ture and is of no particular interest to us any 
more than innumerable other special cases. It is 
probable that in most instances the light strikes 
both eyes simultaneously and the function of ^ 
then becomes a complex one depending upon the 
anatomy and physiology of the component units 
of the sense organs. Actually we can only say 
that 0 ) is a function F of fi, the particular func- 


tion F being different for every organism and 
probably not discoverable in the great majority 
of cases. 

If our postulates are correct, the animal should 
move in a curved path until it is oriented with 
respect to the stimulating field, and at any instant 
. the curvature will be a function of the angle 
which the median plane of the organism msdccs 
with the stimulating field. 

The oriefUation-progression ratio. This would 
not seem very encouraging from the standpoint 
of quantitative study, but we may form certain 
general concepts which will, perhaps, be of 
greater value. Let us consid^ only the mean 
value of w which we will call w. Then : 

K = itf/v = a/p = 

mean angular velocity/progression velocity 

where K and a are the mean values of the curva- 
ture K and the angular displacement a, respec- 
tively. For convenience K will be referred to as 
the orientation-progression ratio. 

A short consideration will reveal the impor- 
tance of the orientation-progression ratio. If the 
value of K is great, which means that the rate of 
rotation will be rapid with rCwSpect to the rate of 
forward progression, the animal will align itself 
very quickly with the direction of the light rays. 
Once aligned, any tendency to deviate from a 
path parallel to these rays will be rapidly over- 
come, and the path will be very nearly a straight 
line. Animals which follow very exactly the re- 
sultant of the light field from two radiant sources 
must have a high orientation-progression ratio; 
they may be said to obey the “resultant law“ and 
would be described by Kixhn's (18) system of 
classification as tropotactic. On the other hand, 
the path of an organism having a small orienta- 
tion-progression ratio would approach the direc- 
tion of the light rays in a gradual curve. Onoe 
aligned with the light rays, a deviation from a 
path parallel to these rays would be only slowly 
compensated and the animal would tend to fol- 
low a meandering path. 

**Weak*" and ^'strong^' *'tropisms*\ Thus we 
see that the path of the organism is quite as de- 
pendent upon the velocity at which it travels as 
upon the magnitude of the force tending to orient 
the animal. The terms “weak“ and “strong” 
tropism have been frequently used to describe the 
accuracy with which an animal orients and re- 
mains oriented with respect to a stimulating field ; 
and it seems that this is generally considered as 
dependent upon the magnitude of the orienting 
force produced by the stimulating field. From 
the above it is apparent that the path is really de- 
termined by the magnitude of both the force pro- 
ducing forward progression, and that producing 
orientation, i.e., the magnitude of the orientation- 
progression ratio Thus a rapidly moving animal 
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must have a ^eater angular velocity than a slowly 
moving one in order to maintain its orientation 
with the same exactness. 

Sign of orientation and sign of progression. 
Orientation is generally descnted as negative or 
positive. The difference in sign should depend 
upon whether the difference in stimulation of the 
sensory organs results in a greater or less effec- 
tive tailward stroke on the side receiving the 
greater illumination. In the former case, when- 
ever the animal is in a position other than parallel 
to the stimulating field, it will he rotated toward 
a position parallel with that field with the head 
away from the source of the stimulus — ^this may 
be denoted as a negative orientation ; m the latter 
case the animal will be rotated toward a position 
parallel with the stimulating field with the head 
toward the source of stimulus — ^this we denote as 
a positive orientation. 

It is necessary to distinguish between sign of 
orientation and sign of progression, since they 
may not always correspond, e.g., the lobster larva 
(2) and Daphnva (7) ; the organism may reverse 
the sign of progression without reversing the sign 
of orientation. Even if, m such cases, the mech- 
anisms of orientation and progression are con- 
trolled by the same mechanism, as suggested by 
Blum (2) for the lobster larva, the signs of 
orientation and progression must be separately 
considered in describing the pathway of the or- 
ganism. This is consistent with our method of 
analysis described. I will designate, therefore, 
progression in a headward direction as positive 
and progression in a tailward direction as nega- 
tive, Fig. 3 indicates the scheme. 
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Velocity and direction of movement. In our 
analysis of orientation we nave regarded the ve- 
locity of forward progression as a constant value 


for any given animal. If this were true the 
lem would be more simple than it really is. Actu^ 
ally, we find that most animals frequently change 
their velocity while proceeding in a light field. 
Assuming the angular velocity to remain constant, 
the curvature of the path must be altered with 
every change of velocity of the organism. This 
presents a great diflSculty to any attempt to de- 
scribe the path of an organism in terms of its 
angular and progression velocities. The only case 
in which changes of velocity will have virtually 
no effect upon the path of the animal is that of 
an animal having a very great orientation-pro- 
gression ratio ; in this case the animal will follow 
the path of equal stimulation and zero rotation 
very accurately. 

Still another factor of great importance is the 
spontaneous alteration of the direction of move- 
ment. The existence of such change in direction 
is indicated in the observations of many investi- 
gators, for example, Mast (19), Spooner (23). 
We will not be concerned here with the cause of 
these changes in direction of movement, but as- 
sume them to be characteristic of the behavior of 
each particular organism. 

Types of Orientation 

With these points in mind we may proceed to 
a consideration of the various types of orientation 
described by Kuhn. I'he following is the classi- 
fication as given by Fraenkel (11). 

A Tropisms: oriented bending of sessile ani- 
mals and plants. 

B. Taxis: oriented movements of motile or- 
ganisms, particularly animals. 

a. Phobotaxis: orientation in an undi- 

rected path (Ungerichtete Orientie- 

rungsbewegungen) . 

b. Topotaxis : movements directed in re- 

spect to a source of stimulation. 

o) Tropotaxis; orientation in a 

stimulation equilibrium ; if 
there are several sources of 
stimulation, the organism as- 
sumes a position on the re- 
sultant of the stimulation 
fields. 

p) Telotaxis : orientation toward 

a goal ; the animal moves di- 
rectly toward one of a num- 
htr of sources of stimula- 
tion. 

y) Menotaxis: orientation so as 
to maintain a definite angle 
between the direction of mo- 
tion and a line joining the 
sensory or^n with the 
source of stimulation. This 
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shotdd result in spiral move- 
ments in radially directed 
rays from a point source. 

#) Mnemotaxis : orientation to 
memory images. 

It will be seen that with the exception of 
mnemotaxis the type of behavior characteristic of 
an animal should be detectable by the observa- 
tion of the paths made under a few conditions of 
illumination, namely, (1) behavior in parallel 
rays, (2) behavior about a point source, (3) be- 
havior in the field of two light sources. We shall 
proceed to consider the behavior of certain ani- 
mals under these conditions. 

Positively orienting animals. Tropotaxis and 
telotaxis. In the above analysis we considered 
only orientation in a field of parallel light rays. 
Every type of distribution of light rays presents 
a different geometrical problem. The combina- 
tion of fields of light coming from more than one 
source may result in very complex stimulation 
fields ; a simple example is the case of two paral- 
lel light fields meeting at an angle of, say, in 
which an animal should be oriented toward the 
resultant of these two fields, i.e., should obey the 
‘'resultant law"'. The geometry of such a com- 
bined field does not change with respect to the 
organism as it moves about nor does the intensity 
of the light. However, when the animal moves in 
the field from two point, or small, sources the 
problem is more complicated since the directions 
of the light rays change with respect to the ani- 
mal as it moves toward or away from the sources. 
Furthermore, the intensity at various parts of the 
light field varies, but for the time being we will 
assume that the light is sufficiently intense at any 



FIGURE 4 

Experimental surface 50 x 50 cm. 


point in the field to give a maximum stimulation 
to any photoreceptor unit. Thus the problem be- 
comes merely one of the geometrical arrangement 
of the light rays and of the photoreceptor units. 

Fig. 4^ shows the paths followed by ten cucum- 
ber beetles (Diabrotica soror) in the field of light 
from two point sources placed two meters from 

2 Figures 4, 6, 7-9, 11 and 12 are produced with the 
permission of the University of California Publica- 
tions in Physiology, where the details of the ex- 
perimental procedure used in observing the path- 
ways wiU be published. 



FIGURE 6. Experimental surface 60 x 75 cm. 
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the experimental surface and so arranged that 
they subtend an angle of 90® at the center of the 
surface. The majority of the beetles follow the 
resultant ; thus the behavior is tropotactic accord- 
ing to Kiihn^s classification. 

Fig. 5 shows the paths of the same individuals 
when placed closer to tlie same light sources, i.c.. 
at a distance of approximately one meter. Some of 
the paths go quite directly toward one of the lamps 
(telotaxis), but the majority tend to follow the 
resultant for a distance before turning definitely 
toward one of the two lamps. A given individual 
does not beliave consistently as either tropotactic 
or telotactic as will be seen by comparing figs. 4 
and 5. If one examines the geometry of the eye 
of the insect, which is diagrammed in fig. 6, an 



Diagram of frontal section of head of Dlabrotloa 
soror. For explanation see text. 

explanation of this behavior appears. When the 
animal proceeds along the resultant toward the line 
joining the lamps, the subtended angle becomes 
greater, and when it reaches about 145° the con- 
dition is such that if the animal turns from the 
resultant so that its median plane coincides with 
the direction of one of the lamps, it will no longer 
receive a stimulus from the other lamp at any 
point on the eye. This is shown in fig. 6 for the 
lamp positions A' and B". Reference to fig. 5 
will show that many of the paths break away 
from the resultant at about this angle. 

Fraenkers (12) explanation of telotaxis de- 
pends upon the hypothetical arrangement and 
functioning of the receptor units in the eye, so 
that when certain units are fixed upon the image 
of the light source, deviation to either side results 
in stimulation of other receptor units which bring 
about differential movements on the two sides of 
the animal, thus tending to bring it back into 
position so that the image of the source is again 


on the original receptors. There is certainly good 
general evidence for the existence of some such 
mechanism, at least in certain cases: (a) animals 
with one eye blinded, although at first showii^ 
circus movements or great deviation from a 
straight path, re^in their ability to orient quite 
accurately to a light source (Holmes, 17; Min- 
nich, 21 ; Mast, 20; Clark, 5 and 6), which indi- 
cates a certain special distribution of the impulses 
from the different ommatidia; (b) animals such 
as crabs may move sidewise toward a source of 
light which can only stimulate one eye : (c) flying 
insects may orient in a vertical plane, which must 
depend upon differential stimulus of parts of the 
eye and not differential stimidus of both eyes 
(Mast, 20). The detailed experiments of the 
above mentioned investigators give further con- 
vincing evidence that the response to stimulation 
of various areas of the eye is not uniform. 

Actually this evidence may fit well with our 
analysis since it is only necessary to assume a dif- 
ferential stimulation of parts of the individual 
eye instead of differential stimulus of the two 
eyes. I have considered above only cases of bila- 
terally symmetrica! stimulus in order to lend 
simplicity to our discussion and not to give the 
impression that other types of symmetry or even 
asymmetry of stimulus could not be explained. 
The geometry of such cases simply becomes more 
complex and the factors which we must know for 
an analysis, more difficult to obtain. I only wish 
to point out that the fact that an animal may 
move towards one of two sources may be ex- 
plained on more than one basis and that the sep- 
aration of such behavior into a distinct category 
is not justified, for the mechanism bringing about 
the same apparent behavior might be very differ- 
ent in two separate cases. Such factors as the 
size and distance from the source and the visual 
acuity of the animal are exceedingly important in 
the explanation of the behavior of the organism, 
but unfortunately these factors have not been 
taken into consideration by the proponents of the 
classification of telotaxis as a separate form of 
orientation. 

The angle subtended by a single ommatidium 
of Diabrotica is somewhat over 8° (see fig. 6). 
This may be taken as an index of visual acuity 
for the insect, although the shallowness of the 
ommatidia suggests tlmt the angle may be con- 
siderably greater. In our experiments the sources 
employed were 100 W. spotlight lamps, in which 
the luminous surface may be regarded as approx- 
imately one square centimeter. A source of this 
area will subtend an angle of only about 20^ at a 
distance of two meters and does not subtend the 
same angle as a single ommatidium (8°) until the 
animal approaches within 8 cm. of the lamp. Thus 
under most conditions the animal m^ move 
through a considerable angle (at least 8° at two 
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meters distance) without changing; the conditions 
of stimulation, i.e,, without the stimulation of 
more than one ommatidium; thus the accuracy 
with which it can follow the resultant is distinctly 
limited. 

The possibility of still further freedom of 
movement without changing the stimulus condi- 
tions exists. The simple arrangement of the om- 


but on the above assumptions the stimulation con- 
ditions would be the same in each case, although 
the position of the beams differs by 115°. The 
fact that the animals behave so accurately should 
indicate that the results of stimulation of all om- 
matidia are not the same. 

Menotaxis. Fig. 7 shows the paths taken by a 
number of cucumber beetles around a 40 W, 



FIGURE 7. Experimental surface 50 x 50 cm. 


matidia of Diabrotka on a spherical surface (see 
fig. 6) provides that a source of light will illumi- 
nate the same number of omniatidia at any angle 
within the limits of the spherical surface of the 
eye. If the intensity of the light is sufficiently 
great to stimulate any ommatidium it may strike 
(see Hecht, 15), and to elicit a maximum fre- 
quency of discharge in the nerve from that om- 
matidium (see Hartline and Graham, 14, and 
Hartline, 13), the number of impulses sent to the 
central nervous system should be approximately 
the same regardless of the angle which the eye 
makes with the dinection of the source, within the 
limits of the spherical surface. Assuming fur- 
ther, for the purpose of argument, that the ef- 
fetive movement of the locomotor appendages is 
directly proportional to the number of impulses 
sent to the central nervous system, then the ef- 
fect of stimulation of any ommatidium would be 
the same as stimulation of any other. We see 
by refcnence to fig. 6 that when the animal is 
placed so that the two sources subtend an angle 
of 90°, it may move through an angle of over 
115° without changing the conditions of stimula- 
tion, For example, points A, B, and A', B' rep- 
resent lamp positions such that beams strike the 
animal at 90° to each other; in both cases only 
one ommatidium can be stimulated by each beam, 


Mazda lamp. The animals frequently move in 
spiral paths around a point source, though they 
move directly toward the source, perhaps more 
frequently. Figs. 8 and 9 show that the snail. 



FIGURE 8 

ExpaHmental atirface 50 x 50 cm. 
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FIGURE 9. Experimental surface 60 x 65 cm. 


like the cucumber beetle, may follow a light re- 
sultant (tropotaxis) under certain conditions and 
move in spiral paths under others (menotaxis) 
According to Fraenkel (12) an animal behaves 
menotactically when it moves so as to maintain 
certain sensory units of the eye m constant stim- 
ulation, thus holding the same angle with respect 
to the light rays. This was originally proposed 
by von Buddenbrock (3), according to whose 
analysis such behavior should cause an animal to 
proceed in a spiral path toward or away from a 
source of light. While such an analysis is quite 
reasonable, reference to figs. 7 and 9 will show 
that although D%ahroUca and H^lix tend to move 
in a spiral around a point source, they certainly 
do not hold the same angle with regard to the 
light rays. A careful examination of, say, path 
28, fig. 7, and path 1, fig 9, will clearly illustrate 
this (compare von Buddenbrock, 3, 4). 

According to our analysis, an animal with a 
given rotation-progression ratio K might find it- 
self so placed that it would travel in a circle about 
a point source. For every value of K there would 
be a given circle whose radius would be such as 
to satisfy the equation : 

X: = 1/R == a/s 

Fig. 10 illustrates the arrangement of the lateral 
and progression displacement in this case. An 
animal finding itself with its median plane normal 
to the light rays at the proper distance from the 
source should tend to follow a circle of radius R, 
indefinitely. On the other hand, an animal find- 
ing itself aligned along the light rays would tend 
to move directly toward the source. Finding it- 
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FIGURE 10 

a axis of rotation, 
ab progression displacement, 
be lateral displacement. 

R « radius of circle. 

self at any other angle, the animal would be ori- 
ented toward one or the other of these paths, and 
in the latter case should describe some form of 
spiral. 

Fig. 6 shows that if DiabroHca is placed so that 
the median plane of the animal forms an angle 
greater than about 13® (positions A' or B) with 
the direction of the light rays, it will receive light 
on only one eye, and should tend to take the cir- 
cular or spiral type of path; if placed so that the 
median plane of the animal forms an angle less 
tlian 13® with the direction of the light rays, both 
eyes will be stimulated and the animal should 
move directly toward the light. It is dear from 
fig. 7 that those animals sometimes take a spird 
path and sometimes a direct path toward the light 
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If an animal following a circle in which K = 
1/R should change its value of K to Ki by chang- 
ing either its progression or angular velocity, it 
would tend to move toward the circle of radius 
such that Kt = 1/Ri. In proceeding toward this 
new circle, the animal would move in a spiral 
course which would bring it toward the source if 
Ki > K, but away from the source if Ki < K. 
In the latter case we would find the apparently 
anomalous condition of an animal with positive 
sign of orientation and movement, travelling away 
from the light source* The flight of insects about 
a lamp often indicates such an occurrence; the 
animal may approach the lamp in a spiral course 
and as suddenly move away from it in a spiral 
course without any abrupt chan^ in direction. 
This could be accomplished by simply changing 
the velocity of flight as well as by a change in the 
angular velocity; it is entirely unnecessary to in- 
voke reversal of sign of orientation to account for 
this behavior. 

Croaier (8) has suggested that spiral move- 
ment about a point source may be explained by 
assuming a vector toward the light source, which 
being a function of the light intensity decreases as 
the inverse square of the distance from the lamp ; 
and another vector, not defined, which tends to 
maintain the animal in straight line progression. 
The similarity to our analysis is apparent, but 
the vector toward the source need not be assumed 
to vary as a function of the distance from the 
light. 

Movement in circles or spirals about a source 
of light would, by our analysis, be similar to the 
circus movements of unilaterally blinded animals 
in undirected light. In both cases an angular ve- 
locity is produced because only one eye is stimu- 


lated. Under the proper conditions the angular 
velocity should be a function of the light intens- 
ity for intensities producing less than maximal 
stimulation, as is clear from the experiments of 
Cole (8) on unilaterally blinded Limulus, 
Negatively orienting animeUs, Tropotaxis and 
phobotaxis. Fig. 11 shows the paths of ten in- 



Experimental surface 46 x 46 cm. 

dividuals of the species ArmadilUdium vulgare, 
the common pill bug, when placed in the same 
orienting field described for figs. 4 and 8. The 
majority of the animals follow the resultant with 
negative orientation. Fig. 12 shows the behavior 
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ot tbe eani« Mvi^kials in a fidkl of paralid rays ; 
htaie a great citgw of i«t»|omfle$s is tidubii^. 
DiSkuhy arises in attemptittg to fit the behavior 
of these animals into Kfihn^ dassification. In 
oonveiging light rays these Crustacea obey the 
sultant law and h<^ must be called tropotactic, 
but in parallel light rays they certainly show 
“orientation in an undirected path*’ (Ungerichtete 
Orientierungsbewegungen), if such a description 
is justified in any case ; hence they must be called 
phobotactic. Thus Kuhn’s classification must 
again break down, since these animals follow two 
different types of behavior with different geomet- 
rical arrangements of the light field. On the 
other hand, the explanation which we have given 
above will fit both types of behavior with equal 
facility, i.e., in either case the animal may be con- 
sidered as proceeding with a forward progression 
velocity which changes its magnitude and direc- 
tion without r^rd to the light field, plus an ang- 
ular velocity tending to bring the animal into 
alignment with the light field. Thus in parallel 
rays the animal wanders at random with a con- 
tinual drift in one direction. 

Reference to the geometrical arrangement of 
the eyes of this animal throws considerable light 
on its behavior. Fig. 13 may be accepted as show- 


(positions A Ah4 6g. ta), m m 
expected to dt^y wauderiugr ^ 

oriented movetneut, to a great dtfrto, Bommt, 
in two light beams crossing at 90®, lije afifuMd 
may move only 125* without receiving a stknfihte 
(positions A, B, and AX 1^). Reference 
to fip. U and 12 will show that the animal fol- 
lows the light resultant with greater aaairacy un- 
der the latter conditions. In diverging rays this 
angle must be still greater w in the field 
about a point source ArtnadUlidiunt may be ex- 
pected to display an even greater amount of ran- 
dom movement. 

A negativdy oriented, positively progressing 
animal, when once aligned with a field of paralld 
light rays, with its head directed toward the 
source, would have no angular velocity and might 
be explscted to move like a positively oriented ani- 
mal. However, the probability of an animal re- 
taim'ng this orientation would be small. This is 
also true for such an animal in the field from two 
point sources of light when aligned along the re- 
sultant. In the case of Armadillidium we find 
that the single ommatidium of the eye subtends 
an angle of about 16® or more (fig. 13), and thus 
this animal when so placed might move through 
an angle of about 16® without changing the con- 



ing the general arrangement of the head and eyes 
with sufficient accuracy for our purpose. Actu- 
ally the detailed structure of the eyes was difficult 
to determine in our sections, and the angles given 
should not be considered as exact but as reason- 
ably close approximations. Reference to fig. 13 
will show that both eyes of the pill bug cannot 
he stimulated simultatieously by any light source 
or sources placed behind the animal. In a field 
of parallel rays ArmadUliditm may move through 
about 215® without receiving light on either eye 


ditions of stimulation. It is thus not surprisit^ 
to see animals behaving at times as though they 
were positively orienting forms (e.g., Nos. 20 
and 25, fig. 11), and there is no need to assume 
that these individuals have temporarily chang^ 
their sign of orientation (i.e., reversed their trop- 
ism). 

Kiihn (18) and Fraenkel (12) place in the 
catc^'o^ of phobotaxis movements such as toe 
“avoiding reaction’’ of ParamectHm which are ex- 
plained by them according to Jenning’s concept of 



U to ^tihc writer iUt 
i^aoto jp}ti8 a drift due to the s^uiu*^ 

Tmkig Md woridt^ through a me<*a«is<ti mh as 
desorihed above will account for tins tyoe of 
movement quite as well as "‘trial and error’". la 
fact, the ‘"trial and error"" of Jennings and the 
“selection of random movements"" of Holmes 
(16), contain within themselves the assumption 
that one dir^on of travel is facilitated over all 
others. Such facilitation must be due to the fact 
that in certain positions with regard to the stim- 
ulating field, the locomotor organs of one side 
move more effectively than those of the other; 
asymmetry does not affect this concept except in 
rendering the problem more complicated. Thus 
the fact that Paramecium and Euglena (see Mast, 
19) display a particular type of movement be- 
cause of their asymmetry does not free them from 
orientation by a stimulating field. 

It may be noted that this type of movement is 
not limited to negatively orienting organisms but 
that it might be expected to be more pronounced 
in such animals ; the term phobotaxis would seem 
to recognize its predominance in animals moving 
away from a source of stimulation. On the other 
hand, menotaxis should never be found in nega- 
tively orienting forms, as appears to be the case. 

Light intensity as a factor in oriented move- 
ment. We have simplified our problem in the 
above discussion by assuming that the light in- 
tensity remains constant as the animal moves 
about in the light field. This is, of course, only 
true for certain particular kinds of fields, e.g., 
parallel rays. It is necessary, particularly follow- 
ing the work of Hartline and Graham (14) and 
Hartline (13) to assume the all-or-none principle 
to hold for photosensory organs, i.c., light below 
a certain intensity is ineffective ; actually the rate 
of discharge of impulses in the sensory nerve is 
a function of the intensity (see liartline, 13), but 
this must also reach a maximum, so that we may 
assume that above a certain intensity further in- 
crease does not produce an increase in stimula- 
tion. Furthermore, the observations of Wolf 
(24) show a definite limit of intensity discrimi- 
nation by the honeybee above certain intensities, 
as is also true for the human eye. This means 
that if the light intensity in all parts of the field 
is above a certain value, the field may be regarded 
as of uniform stimulation intensity, although the 
light intensity may actually vary greatly through- 
out the field. 

In the experiments cited above we have em- 
ployed light sources of relatively high intensity 
which probably provide a uniform stimulation of 
any receptor at any point on the experimental sur- 
face (the lamps used emit approximately 1000 
lumens and the greatest distance from the source 
was 2.5 meters). Our experimental conditions 
were not free from criticism, c.g,, in the case of 
DiabroHca and Helix there was a certain amount 


of ligte mSected from the white mrt&ce m which 
the animals moved, but this should have been a 
rdatively constant factor, and that it was is in- 
dioated by the fact that the few experiments 
which were performed on smoked paper gave 
similar results to those on white surfaces. Our 
experimental conditions aj^proximate dosely to 
those used generally in orientation experiments 
and thus our results may be considered as com- 
parable. However, it must be pointed out that 
for studies justifying careful mathematical treat- 
ment many factors must be taken into account 
which have seldom been considered in orientation 
studies. For instance, many of the precautions to 
remove all extraneous visual objects arc unneces- 
sary because the objects are not within the visual 
acuity of the animal, but on the other hand, one 
must know the threshold of stimulus of the recep- 
tor organs and the way in which response varies 
with intensity before one can analyse the effect of 
changes in intensity upon the animal. 

As stated above, in sufficiently intense light we 
may regard the stimulation field as constant and 
need only consider the geometrical arrangement 
of the sense organs and the direction of the light 
rays, but we must know the minimum intensity 
required to produce maximum stimulation of the 
photorecqitors before we can be sure of our 
ground. In less intense light the problem be- 
comes much more complicated, for we must con- 
sider the relationship of the number of sensory 
units stimulated to the intensity of the light. The 
problem is further complicated by the phenome- 
non of light adaptation (see Clark, 5) which al- 
ters the threshold of stimulation. Studies of the 
type of the investigations of Hecht and his co- 
workers might be effectively combined with ori- 
entation studies in dim light, but the problem 
must be specially considered for each animal. The 
factors here considered, together with the geom- 
etry of the sensory organ, and the effect upon the 
motor organs of stimulation of various parts of 
this organ (see above) must all be components of 
the function F, discussed above, which must be 
known before the orientation can be described 
with any degree of mathematical precision. Thus 
it would seem that attempts such as those of Mit- 
chell and Crozicr (22) and Fraenkel (11) to pre- 
dict the pathways of animals on the basis of the 
light intensity at various parts of the field could 
not be expected to meet with a great degree of 
success. 

We will not have space to discuss mnemotaxis, 
a behavior which is probably so complicated that 
its explanation will not be greatly aided by our 
simple analysis. Neither wiH we discuss oriented 
bendings (tropisms) further than to point out 
that the problem is very similar, though some- 
what simpler. Interestingly, the concept of spon- 
taneous movement with drift would appear to find 
an analogue in the case of bending of plant 




shoot$, if we may accept the explanation given 
long ago by Charles Darwin (10) who assumed 
that the normal spiral growth movements (cir- 
cumnutation) of plant shoots had superimposed 
upon them by light from one side, a component 
tending to bend them toward the light* Thus 
bending in one phase of the spiral would be af- 
fected more than in the opposite phase. 

This concept of spontaneous movement with 
drift would seem to be extremely important with 
regard to the explanation of mass movements of 
animals, e.g., diurnal migration of plankton. It 
would be impractical to discuss its implications at 
this time but the writer hopes to do so m the near 
future. 
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Discussion 

Dr, Wm, H, Cole : Blum^s account of certain 
factors which must be considered in analyzing 
tropisms contains many excellent features He 
has emphasized the necessity of knowing* (1) 
the geometry of the forces acting upon the orient- 
ing organism; (2) the threshold and maximum 
stimulating intensities effective on the organism; 
(3) the relationship l>etween stimulating inten- 
sity (between tliose limits) and the rate or mag- 
nitude of orientation , and (4) the effective angle 
between the receptive surfaces By illustrative 
experiments he has demonstrated how knowledge 
of these factors makes possible a logical inter- 
pretation of tropistic movements. 

The introduction of the classifications of Kuhn 
and Fraenkel, however, seems to me very unwise. 
Limitation of the term, “tropism”, to oriented 
movements of sessile organisms only; revival of 
the term, “taxis”, long ago discarded ; and the use 
of such tenns as “phobotaxis”, “topotaxis”, 
“menotaxis”, etc , will only tend to create confu- 
sion in the literature. Simplicity in terminology 
is just as desirable as it is in experimentation and 
interpretation. It would seem best for the pres- 
ent to avoid arbitrary terms which are only 
vaguely descriptive, and to postpone the invention 
of new names for special types of tropisms, until 
enough information has been accumulated to jus- 
tify their use. 

Dr, Blutn: I am very sorry if I have not 
made myself clear with regard to the classifica- 
tion of Kuhn, and I wish to state that I feel that 
this classification has no experimental value and 
should be abandoned; except, perhaps, where it 
can be usefully employed for purely descriptive 
purposes. With regard to the use of the terms 
*‘taxis” and '‘tropism” I may say that while ani- 
mal physiologists in the United States generally 
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^ tim tmm "traptm*’ ia tibe sease of Loeb, ie, 
to detictibe both oriaited movtmenU and bmd^^ 
of $es$tk organismsi thid use is not univer* 
As a rule European biol(^st$» and botan-* 
$it$ in this country use “tropism*' to describe 
oriented bending, and ‘"taxis** to describe oriented 
movement. I feel that the term "‘oriented move- 
ment** may well be used to describe both move- 
ment and bending; its use avoids any theoretical 
implications such as have come to be associated 
with the term tropism. 

Vr, IVm, H. Cole: In his discussion of the 
subtended angle, Blum makes no mention of 
the so-called ‘"head angle’*, H, as described by 
Crozier^ (1925-28). Knowledge of the morpho- 
logical angle between the photoreceptors is not 
alone sufficient, since the “head angle is the aver- 
age effective angle between the bilaterally dis- 
posed receptive surfaces** and is detennined by 
the physiology as well as the morphology of the 
receptor concerned, the stimulating intensity and 
"‘other conditions of temperature and concurrent 
gcotropic excitation** (Crozier and Kropp,^ 1934- 
35). 

By devising simple experiments on a particular 
organism under a particular set of conditions and 
by applying rigid methods of analysis such as 
those of IMum and Crozier, satisfactory progress 
will be made in the study of tropisms. More and 
more complex situations involving the same or- 
ganisms, and the behavior of other organisms, 
can then be studied with some hope of success. 
Gradually such terms as ""trial and error**, ""avoid- 
ing reactions** and "‘random movements** will dis- 
appear from the literature. 

Dr, Blum : In my discussion of the subtended 
angle I have used the morphological angle only 
as an approximate value. The “head angle** of 
Crozier, like my function F, includes the physiol- 
ogy of the receptor organs. 

Dr, Clark: This paper by Blum gathers to- 
gether certain significant facts of orientation. The 
demonstration of the relation between randomness 
of movement and visual acuity (e.g., the angle 
subtended by a single ommatidium), and the in- 
fluence of the geometry of the eye upon orienta- 
tion in light fields are cases in point. 

With certain other phases of the analysis the 
writer does not have the same enthusiasm. 

Blum in this preliminary theoretical analysis is 
correct for the simple case he sets up if it is as- 
sumed that there is a single receptor unit* on each 

1. Crozier. W. J„ 1925-28, J, Gen. Physiol., 8, 671. 

2, Crozier, W. J., and Kiopp, B., 1934-85, J. Gen. 

PhysloL, 18, 748. 

8. In this discuasion the single visual cell, visual 
ending or ommatidium will be called the re- 
ceptor unit while the organ as a whole will 
be called the receptor. 


side, or that there are a number of similar recep- 
tor units on each side, and the similarity is such 
that the response to a given stimulation of a re- 
ceptor unit is qualitatively and quantitatively the 
same as the response to the same stimulation of 
any other receptor. 

As far as is known to the writer there is not a 
single organism with receptors in accord with 
these assumptions. In those animals with a single 
receptor unit {Euglena, etc.), there is a single re- 
ceptor. In those with symmetrically disposed re- 
ceptors (Planaria, insects, etc.) the receptor or- 
gan is composed of more than pne visual unit. 
And the units are not similar in any or^nism 
that has been studied critically (see Taliaferro 
1920; Mast 1923; Yagi 1928; Dolley and Wierda 
1929). 

Other observations indicating differences in re- 
sults of stimulating various ommatidia of the eye 
may l>e mentioned. 

(a) By setting up good experimental condi- 
tions to give the “resultant effect** (see Blum 
Fig. 4) and assuming that (1) the same number 
of ommatidia at any angle within the spherical 
surface of the e>e is stimulated to give the same 
number of impulses to the central nervous sys- 
tem; (2) the effective movement of the locomotor 
appendages is directly proportional to the number 
of impulses sent to the central nervous system, 
Blum shows that the animal should move through 
an angle of 115® without changing the conditions 
of stimulation. That accuracy of orientation is 
so much greater suggests that the results of stim- 
ulation of all ommatidia are not the same. 

(b) In two l)eams of light of unequal inten- 
sities at right angles certain insects (Eristalis, 
Mast 1923) may orient so that one eye is illumin- 
ated by both sources and the other eye by one 
source only. 

(c) Many insects with one eye covered will 
orient immediately or eventually and go directly 
toward a light source. If the ommatidia gave 
similar responses, orientation should not take 
place. 

(d) In other cases the behavior of the ani- 
mals in a light field can only be given adequate 
explanation by assuming the occurrence of such 
differential response (see Clark 1928, 1931, 
1933). 

Blum incorporates a factor for differential ef- 
fect in his mathematical relation w = F® in 
which <a (the rotation velocity) is a function F of 
the angle (see Blum fig. 2). Is it possible to 
give any indication of the elements that must be 
taken into consideration when an analysis is made 
of the actual res|X)nse of animals? 

From the works on insects above cited (Mast, 
Dolley and Wierda, and Clark) there is good rea- 
son to suppose that if only the inner ommatidia 
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of one eye arc stimulated, a positive insect turns 
towards the unstimulated eye ; if the anterior om- 
matidia are stimulated no turning occurs, and if 
the outer lateral ommatidia are stimulated the in- 
sect turns toward the stimulated eye. Further- 
more the posterior outer lateral ommatidia when 
stimulated give a greater turning response than 
do the more anterior outer lateral ommatidia on 
stimulation. In other words there is a gradient 
in regard to the turning response from anterior 
to posterior of the eye. It should be noted that 
Yagi (1928)^ finds a dorsal ventral gradient in 
Dixippus. It may well be that any importance of 
the angle of the incident light is due to the fact 
that it indicates the ommatidia stimulated. 

Dr. Blum: I must emphasize that the prelim- 
inary analysis given in my paper is entirely 
theoretical, and does not need the verification of 
finding an animal fitting the simple principles out- 
lined. Probably none exists, and the value of the 
analysis is not altered by this fact. 

I am indebted to Qark for additional examples 
indicating the difference in response obtained by 
stimulating different ommatidia. 

Dr. Hecht: I should say that whereas most 
of us have been certain in our own minds that 
the classification used by Fraenkel was largely 
arbitrary and contained no real basis, it is rather 
a good thing to see quite experimentally without 
any preconception that the same organism, or sim- 
ilar organisms, behaves according to more than 
one of his types when placed under the proper 
conditions. The theoretical treatment is suffici- 
ently general so that we need not take any excep- 
tion to it, couched in such terms ; one can modify 
the progression velocity and rotation velocity with 
intensity if he wants. This I think a legitimate 
procedure. Taking experiments and theory apart, 
which I think not an unreasonable way of treat- 
ing your analysis, the thing which is significant 
is that you have shown that many of the varia- 
tions in behavior are imaginary rather than real. 
The basic analysis Blum has made is, I think, 
probably sound. 

4. The artlclee listed are In addition to those ap- 
pearing in the paper by Blum. 

Clark, L. B. (1931) Some factors Involved in the 
reactions of insects to changes in luminous in* 
4:en8lty. Shock reactions in Dlneutes assimilis. 
J. Exp. Zool., 58, 81. 

Dolley, W. L., Jr., and J. Ik Wierda 1929. Rela- 
tive sensitivity to light in different parts of the 
compound eye in Erlsixilis tenax. J. Exp. 2Sool., 
58, 129. 

Taliaferro, W. H. 1920. Reactions to light in Pla- 
narla maoulata, with special reference to the 
function and structure of the eyes. J. Exp. 
Zool., 81, 59. 

Yagi, N. 1928. Phototroplsm of IMxIppus morosim 
J. Cen. Physiol., 11, 297. 


Two things puzzle me a hit ; tlm first otie, ^ 
matter of the white surface, which I think Mtm 
passed over too easily. If he is dealing with a 
point source which radiates in all directions 
placed 5 centimeters above the surface, a great 
deal of reflection would occur; the problem is not 
clear from that point of view. If you had a gen- 
eral light reflected which would maintain the ani- 
mals in light adaptation, that would be all right, 
but by continuous light from below you may com- 
plicate your problem. I am a little surprised that 
the same thing happened when the animals were 
allowed to run on smoked paper. On general 
grounds I would be inclined to doubt that, and 
would expect more evidence before I drew a final 
conclusion. The matter of dark adaptation is 
something to consider more than you have. 

Dr. Blum : We have realized the complicating 
factors introduced when the animals were allowed 
to travel on white surfaces. We began our ex- 
periments on smoked paper but had difficulty be- 
cause the animals could not travel well on this 
surface, so we changed to the white surface, 
which gave in genered the same results. It would 
be impossible to say that the results were exactly 
the same, because of the great variability of paths 
in both cases. According to my analysis the fac- 
tors introduced by the white surface would fall 
into the function F, and would not obscure the 
general picture. This is proliably the reason that 
the results with white and black surfaces are so 
similar. I may say, here, that the experiments 
and the analysis developed together. It is now 
possible to design a much better experimental 
treatment on the l)asis of our analysis. This we 
hope to do. 

Dr. Hecht: Another point — ^you are not deal- 
ing with parallel light when you consider a point 
source at two meters distance. 

Dr. Blum : Parallel light was used in only one 
case, that of Armadillidium. In the other instan- 
ces, conditions were used which seemed similar to 
those employed by other investigators to demon- 
strate the types of Kuhn. The analysis in those 
cases is not based on parallel rays. 

Dr. Wald : Blum has analyzed the phototropic 
problem for the case of maximal stimuli, and as- 
sumed this condition to be satisfied in his experi- 
ments. I believe that this assumption is not sup- 
ported by the available data. The work of Wolf 
(1933) on the bee, of Hecht and Wald (1934) 
on Drosophila, and the recent (as yet unpub- 
lished) measurements by Steinhardt on the 
human eye (Hecht, 1934) all agree in showing 
that at brightnesses up to more than KXK) milli- 
lamberts, intensity discrimination is still optimal, 
i.e., a minimal percentage increase in intensity 
produces a recognisable increment in stimulation. 
I think that the purposes of Blum's analysis 



Owmtm Movi^usirts of AmicAts ik Light 


223 


would be better served by substituting for this as- 
sumption the experimental device of placing the 
animal far from the source, so that reasonably 
small fluctuations in distance could produce little 
or no change in stimulation at any intensity. In 
fact, with such an arrangement, low intensities 
should be more desirable than high, since a given 
percentage change in intensity produces least 
change in stimulation in dim lights. 

Dr. Blum : This would undoubtedly be a more 
favorable arrangement where it is possible to use 
It. However, in considering the behavior of an 
animal moving in a spiral path about a point 
source this would be difficult if not impossible in 
most cases. From a theoretical point of view the 
assumption of a maximum stimulating held is 
very useful as it reduces the problem to one of 
geometry and serves as a point of departure for 
experimental analysis. 

Dr. Wald : Blum bases a considerable portion 
of his analysis upon the initial orientation of the 
animal with respect to the source. The argument 
should be greatly strengthened by observing and 
controlling this factor. The animals might be al- 
lowed to approach the source initially along a nar- 
row, glassed-in track, which could be inclined at 
will to give them any desired initial orientation. 

Dr. Blum : We have had such experiments in 
mind for the future. They should be very in- 
structive provided we can avoid too much spon- 
taneous movement. 

Dr. Davenport : I am a little disappointed that 
Blum has been able to offer no new observations 
on the reaction of simple organisms to light. I 


feel that we may learn a great deal about the ac- 
tion of light upon protoplasm by analyzing the 
phototactic reaction of, say, an amoeba to the in- 
cident light ray. In the higher organisms the 
light sets up a chain of reactions and in the 
course of the chain various events may occur that 
will alter the reaction. In some of the more com- 
plex organisms the same stimulus of light may 
cause now a positive, now a negative, reaction. 
What the reaction shall be at any moment may 
depend on the i^rticular physiological state in 
which the organism finds itself. 

Dr. Blum: 1 believe the general principles of 
our analysis would apply to both simple and more 
complex organisms. For example, I am quite 
certain we could demonstrate photo-orientation in 
man if we could design the proper experiment, 
just as we can demonstrate such behavior in low- 
er organisms. 1 say this because I believe that 
the only requirement for orientation is a type of 
symmetry which provides that differential stimu- 
lation of receptors will produce differential move- 
ments of locomotor organs. This is what Loeb 
pointed out and I believe it remains the basis for 
all orientation — ^the modifications for each special 
case are a matter of detail. Such an arrangement 
provides for orientation simultaneous with other 
types of activity and movement. Thus an animal 
may drift in a given direction with relation to a 
stimulating field although this drift may be al- 
most completely masked by other components of 
the behavior. This is why I say that spontaneous 
movement with drift is so important m the ex- 
planation of mass movements of the t}pc found 
in nature. 
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PHOTIC EXCITATION AND PHOTOTROPISM IN SINGLE PLANT CELLS 
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Photic excitation of plant cells is taken to 
mean a change, induced by light, in some mea- 
surable activity of the cell. Photosynthesis and 
phototaxis are being discussed elsewhere in 
this symposium. The present discussion, there- 
fore, will concern the effects of light on ( 1 ) cell 
growth and movement, (2) protoplasmic stream- 
ing, and (3) chloroplast movement. 

Effects of the first type show the greatest 
resemblance to animal photoreceptor response; 
the last two types will be considered briefly only 
to call attention to certain interesting differences 
in the mode of action of light. In all of these 
cases it is necessary to be sure that photosyn- 
thetic effects are not involved, as they are, for 
example, in the operation of the stomatal guard 
cells. We are safe in working with fungus cells 
which naturally lack chlorophyll, or in growing 
potentially green cells in a chlorotic (etiolated) 
condition, or if chlorophyll is present in check- 
ing the spectral sensitivity of the process studied 
against the absorption spectrum of chlorophyll. 

Most growth effects are fundamentally based 
on turgor. The plant cell wall offers a high re- 
sistance to the stretching force exerted against 
it by the cell contents. A slight change in the 
physical properties of the wall will permit the 
cell to expand or contract to a new volume, or to 
change one dimension at the expense of the others. 
Many cells are roughly cylindrical, and in such 
cases the extension of the wall may be undi- 
rectional, parallel to the long axis of the cell and 
to the cellulose or chitin chains. The result is that 
the turgid cell may visibly react to a very small 
amount of radiation, if this acts to produce a 
substance affecting the properties of the wall. It 
is necessary to emphasize the sensitivity of such 
a mechanism, since at first sight a mechanical 
response might appear very gross. 

Although the ultimate action of light in the 
case of all growth responses is on the cell wall, 
it is becoming recognized that this action is in- 
direct, the primary absorption of light and a 
number of secondary events occurring in the 
cytoplasm of the cell. As far as we know, ab- 
sorption of light by any photoreceptor cell is 
internal. The translation of an internal effect in- 
to a surface action brings up problems similar to 
those involved in the origin of nerve iminilses in 
animal photoreceptors. 

The absorption of visible light by cytoplasm 
must be mediated by some pigment present in 
small concentration, since cytoplasm is ordinarily 
regarded as “colorless''. The fact that in all cases 
under discussion maximum sensitivity occurs in 


the blue suggests that carotinoid pigments are 
involved. 

I The growth response of Phycomyces. 

The spore-bearing cell of this fungus exhibits 
the properties of its photochemical system more 
clearly than any other plant cell. It is essentially 
an upright, cylindrical, aerial tube with one end 
rooted in the substrate. Under constant external 
conditions the cell may show a steady rate of 
growth for some hours. A flash of light upsets 
this steady state, producing after a definite latent 
period a temporary acceleration of growth. (Fig. 
1). Blaauw^ states that he could detect a per- 
ceptible response after illumination of a sensitive 



FIGURE 1. 

The response of Phyoomyoes to a flash of light. 
Ordinate: length of the cell. 

cell with white light of 0.01 meter-candles inten- 
sity for 1 second. While a strict conversion of 
these photometric measurements into energy 
units is not possible, the following rough calcula- 
tion indicates the order of sensitivity. 

iBlaauw, A. H., and Van Heyningen, W., Proc. 
Acad Sci. Amsterdam, 28, 403, 1925. 
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Du Buy and Nuernbergk^ estimated that for 
cells of the oat seedling, Avena, which like Phy- 
comyces are most sensitive in the blue, 1 erg/ 
cm^./sec* of wavelength 436 m/* was equivalent 
to an illumination of 25 meter-candles of white 
light from a tungsten lamp. On this basis 

0,01 meter-candle = 4 X lO”'* erg/cm*,/sec. 

In Phycomyces the photosensitive region is a 
cylindrical zone about 0.01 cm. in diameter and 
0.15 cm. long. Its surface is therefore 

IT X 0.01 X 0.15 = 4.7 X 10~» cm2. 

If this surface is illuminated from all sides with 
an intensity of 4 X 10""'* erg/cm^./sec., then in 
one second, assuming that 10 percent of the 
radiation is absorbed, we get absorption amount- 
ing to 

4 X 10““^ X 4.7 X lO-^ X 10-1 ^ 

1.9 X 10-’ erg. 

While this estimation involves a number of 
guesses, it does show that the cticrgy necessary to 
produce a perceptible mechanical response in the 
cell of Phycomyces is extraordinarily small. 

The substance which absorbs the effective radi- 
ation is almost certainly a carotinoid pigment, A 
pigment having an absorption spectrum much like 
that of a-carotene can be extracted from the cells 
by petroleum ether. Its spectrum is matched 
reasonably well by the data on the phototropic 
sensitivity of Phycomyces. (Fig. 2). It is inter- 
esting that recent work of Johnston*^ on the 
phototropic sensitivity of Avena shows maxima 
at 440 and at 470-480 ni/i, as compared with 
maxima at 449 and 475 ni/i for the Phycomyces 
pigment in hexane. 

Exposure of the cell to continuous light is 
found to decrease enormously the sensitivity of 
the response to a given flash of light*’®, and this 
loss of sensitivity is some function of the inci- 
dent intensity, as with photoreceptors in general. 
Changes in the level of adaptation to light are 
reversible, and it is clear that they represent 
changes in the concentration of a light-sensitive 
substance which is built up in the dark. The 
transfer of a cell from continuous light to dark- 
ness is followed by an orderly increase in sen- 
sitivity, the process of dark-adapation. Figure 3 
shows the course of dark-adaptation as judged 
by decrease in the reaction time of the response 

2 Du Buy, H. G., and Nuembergk, E., Ergeb. Biol., 

10, 207, 1934. 

^Johnston, E. S., Smithsonian Misc. Coll., 92, No. 

11, 1934. 

4 Tollenaar, D., and Blaauw, A. H., Proc. Acad. Sci. 

Amsterdam, 24, 17, 1921. 
sCasUe, E. S., J. Gen. Physiol., 12, 391, 1929. 



FIGURE 2. 

Solid line: the absorption spectrum in hexane of a 
carotinoid pigment extracted from Phycomycea. 
Circles: spectral sensitivity data for Phycom- 
yces. Abscissa: wavelength in m/*. 

to a given flash of light. It is approximately 
complete within 30 to 40 minutes. Although the 
new level of adaptation has been reached in the 
photosensitive system within 40 minutes, the data 
of Oort® show that other parts of the response 
mechanism arc not restored so rapidly. After a 
response has occurred, as much as two hours may 
be required for the growth processes to build 
back to the initial steady state. 

Thus far we have seen that the properties of 
the light system in Phycomyces are essentially 
similar to those of the more familiar animal 



FIGURE 3. 

The course of dark-adaptation in Phycomyces. 

«Oort, A. J. P., Verhandl. k. Akad. Wetensch. Am- 
sterdam, Sect. 2, 29, No. 3, 1932. 
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photoreceptor. The nature of the end response 
is of course very different, and there also exists 
a striking difference in the duration of the 
latency. Plant cells generally show slower re- 
sponses to light, and the reaction time of Phy- 
comyces under most favorable conditions is at 
least 2 minutes, and may be as much as 10 minu- 
tes. Practically all of this is latency, and we find, 
moreover, that only the light which strikes the 
cell during the first few seconds of illumination 
is effective in speeding up or magnifying the 
response. Figure 4 shows how short the effective 



FIGURE 4. 

Reaction times of Phycomyces with different inten- 
sities and durations of exposure to light. The 
intensity for each of the four curves is given 
in foot-candles. (Castle and Honeyman, J. Gen. 
Physiol., 18, 385. 1935), 

summation interval for the action of light is. 
After 3 to 4 seconds of exposure the reaction 
time is unaffected by further illumination, even 
though the response does not occur until 3 or 4 
minutes later. This seems to be an exaggerated 
case of what Hartline^ detected as a “critical 
duration'' in the action of light on the photore- 
ceptor of Limulus, He found, for example, that 
for a particular intensity, the maximum fre- 
quency of impulse discharge is obtained with 
exposures to light of only 0.1 second, even 
though the impulses do not begin to appear until 
0.259 second. In the case of Phycomyces, the 
short summation interval must mean that second- 
ary processes, occupying the latency, begin the 
moment any of the photochemical products ap- 
pear. We may suppose that a diffusion or re- 
action wave gets under way with a velocity 
determined by the initial concentration which is 

T Hartline, H. K., J. Cell. Comp. Phyaiol., 5, 229, 
1934. 


set up. After a few seconds the wave front will 
be out of reach of new products of light action, 
and its steepness therefore unaffected by longer 
exposures. On this basis we might expect the 
effective summation interval to be shorter for 
higher intensities, and the curves of Fig. 4 sug- 
gest that this is true. It should be noted that in 
no case do we deal with a complete exhaustion 
of a fixed amount of light-sensitive material, 
since the curves for the different intensities des- 
cend to separate base-lines. 

It is hard to avoid thinking of the secondary 
processes of excitation in terms of spatial trans- 
location of a product or effect of light action to 
the wall. That the primary action of light is 
cytoplasmic seems clear from the response of the 
cell to y-radiation^ The effect here is a rever- 
sible inhibition of growth, occurring after a simi- 
lar irreducible latency of 2 minutes. While a 
direct action of y-rays on the wall would not be 
surprising, the delayed action points to the inter- 
vention of just such a protoplasmic factor as we 
have postulated in the case of the light respon.se. 
Both visible light and y-radiation, although pro- 
ducing opposite effects on the growth system, 
must have to do their work through the same 
train of machinery, which one accelerates, the 
other inhibits. Furthermore, narcotics such as 
ether vapor, or replacement of air by nitrogen, 
promptly reduce the rate of growth of these cells 
to a few percent of the initial rate. Although 
turgor is maintained, a flash of light produces no 
growth response. These facts also indicate an 
indirect action of light. Since nerve impulses 
make their appearance as surface phenomena, it 
would be interesting to know if the idea of trans- 
location, which need not be synonymous with dif- 
fusion, lias any validity for the more typical 
photoreceptor cell. 

II Action of light on protoplasmic streaming. 

Active circulation or streaming of cytoplasm 
occurs normally within practically all plant cells. 
Study of the action of light on this process is 
handicapped by the fact that in spite of one 
hundred and fifty years of intermittent research 
the mechanism of the movement is unknown. 
Recent observations of Bottelier®, however, on 
the velocity of streaming in Avena cells as af- 
fected by flashes of light are of interest. Ilis 
work not only tells us something about the mode 
of action of light, but makes it very probable 
that in the oat seedling the streaming controls 
the transport of growth hormone. The cells 
which were used were free from chlorophyll, so 
that there is no confusion between photosynthetic 
and other effects. 

8 Bottelier, H. P., Rec. trav. bot. n4erL, 31, 474, 1934. 
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The effect of a sudden flash of light is to cause 
a temporary inhibition of the rate of streaming, 
after a lag of 3 to 4 minutes. (Fig. 5). Within 
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PIOXJRE 6. 

Velocity of protoplasmic streaming in cells of 
Avena as inhibited by flashes of light. The 
occurrence of a flash is indicated by a vertical 
arrow. Ordinate: percent deviation from the 
mean rate of streaming. (Modified from Bot- 
tellers). 

12 minutes the original rate of streaming has been 
regained, and within 20 minutes recovery is com- 
plete, that is, another flash will produce a second 
inhibition of equal size. To produce a response 
of a given size it is found that the Roscoe-Bun- 
sen law holds satisfactorily with exposures of up 
to 3 or 4 minutes duration. In other words, 
summation is effective within practically the 
whole of the latency. Du Buy* found essentially 
the same relation for phototropic bending in 
Avena. The case of Phycomyces is in striking 
contrast, the summation interval there being only 
a few seconds. In view of such findings, the 
early work on the phototropisni of these plants 
which stated that time and intensity were strictly 
interchangeable over an enormous range (ex- 
posures up to 1 or 2 days) must certainly be 
wrong. A just perceptible degree of curvature 
is a very uncertain thing to measure. These ex- 
periments should be ref)eated using as an end- 
point a curvature of definite size. 

Beyond a certain point, Bottelier finds that 
higher intensities of light give smaller inhibitions 
of streaming. High intensities may even accele- 
rate streaming. This effect is obtained with care- 
fully filtered monochromatic light, and must be 
genuinely photochemical. It seems to indicate a 
dual mechanism in the response, and fits in strik- 
ingly with changes which occur with increasing 
intensities of illumination in the light-growth 
responses of the oat coleoptile as a whole. 

The spectral sensitivity of the effect on stream- 
ing IS greatest in the blue. (Fig. 6). This find- 
ing coincides with data on the phototropic sensi- 
tivity of Avem, and indicates tliat here also we 
have absorption by a yellow pigment. Although 
adaptation has not been thoroughly studied in 

• Du Buy, H. G., Rec. trav. hot. n4erl., 80, 798, 1933. 



FIGURE 6. 


Spectral sensitivity of effect of light on streaming 
in Avena cells (solid circles). Solid line: photo- 
(tropic sensitivity curve of Avena according to 
Blaauw. Ordinate: relative sensitivity. (Modi- 
fied from BottelierB). 

this system, it is clear that susceptibility to re- 
peated light stimuli means that recovery takes 
place. Aside from the special nature of the end- 
response itself, the principal deviation from the 
type of meclianism in Phycomyces seems to lie in 
the prolonged summation interval. 

Ill Action of light on chloroplast movement 
I'he location or arrangement of the chloro- 
plasts in many plant cells is determined by light. 
Different plants may show different types of re- 
sponse. The forces producing movement of the 
plastids are unknown, but the resi)onse to light 
is definite and posesses some unique features. 

VoerkeB* has recently investigated the response 
in the leaf of the moss Funaria hygrometrica. 
Each cell contains from 15 to 30 chloroplasts 
which in the dark lie appressed to the side walls 
which are in contact with other cells of the leaf. 
In this state the leaf is relatively transparent. In 
the light the plastids move out and cover the ex- 
terior wall nearest the light, thus exposing a much 
larger absorbing surface. When the light is 
turned off they return to the “dark’’ position. The 
onset of these migrations is not sharp, perhaps 
with a latency of a few minutes. The whole 
process occupies 30 to 40 minutes. 

An interesting feature of the response is the 
relation to intensity. Measuring the percent of 
the plastids in each cell which migrated to the 
‘"light” position, Voerkel obtained for blue light 
the intensity-effect curve shown in Figure 7. 
Each inten.sity produces a definite, sustained 
action which is independent of time. This con- 
tinuous response must be due to a balance be- 
tween the light effect and a force acting to re- 
store the plastids to the '"dark” position. Since 
the plastids contain chlorophyll, it might appear 
that the light action is l>ased on photosynthesis. 
Yet this cannot be true, since the spectral sensi- 
tivity of the plastid movement is greatest in the 

10 Voerkel, S. H., Planta. 21, 156, 1933. 
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FIGURE 7, 

Percent plastid migration (epistrophe) in cells of 
Fimaiia as a function of intensity of continu- 
ous blue light. Abscissa: log (cal. /cm-. /hr. x 
100.000). (Data of Voerkelio). 

blue, and red light is wholly ineffective in evoking 
it. 

It seems, then, that this is one more case of an 
excitatory action of light based on “cytoplasmic’* 
absorption of the shorter wavelengths^^. The 
nature of the response conceals the phenomena 
of adaptation which are so prominent in other 
systems. It should not be thought, however, that 
in other plant cells the response to light is wholly 
discontinuous. For instance, in the ca^se of 
Phycomyces steady illumination produces a com- 
parable sustained action on the growth system, 
but this is made evident only by the dark -growth 
response which occurs when the light is cut off^^. 
In these moss cells we have visible evidence of 
the continued action of light. 

IV Phototropism 

Since phototropism results essentially from an 
asymmetric action of light, phototropism in single 
cells is merely a special case due to unequal in- 
ternal distribution of light. With an incident 
beam of parallel light, such inequalities may be 
caused by refraction within the cell or by rapid 
absorption which reduces the intensity reaching 
the far side. 

The clearest case of the role of refraction in 
causing phototropism of single cells is that of 

11 Data on the spectral sensitivities of a number 

of other plants are given by H. G. duBuy and 
E. Nuembergk, Ergeb. Biol, (in press). I am 
grateful to Dr. duBuy for allowing me to ex- 
amine the manuscript of this part of their 
monograph. 

12 Castle, E. S., J. Gen. Physiol., 16, 75, 1932. 


Phycomyces, Only brief mention need be made 
of the analysis of this case, since it has been pub- 
lished elsewhere^*. If illuminated from one side 
in air, the cylindrical cell grows toward the light. 
As we have seen, the action of light on this cell 
is to accelerate growth, therefore the light effect 
must be greater on the side of the cell farther 
from the light source. Refraction serves to con- 
centrate light on the back wall, but the total 
luminous flux passing through the back wall must, 
as a consequence of absorption within the cell, be 
less than that passing through the front wall. 
(Fig. 8). The apparent paradox of greater light 
action in the back of the cell is understood if we 



Diagrammatic cross-section of a cylindrical cell in 
air, to show effect of refraction on length of 
absorbing path in the two halves of the cell. 


suppose that light is absorbed throughout the cell, 
and secondarily produces its effect on the wall. 
Measurement of the total absorbing path in the 
front and l)ack halves of the cell shows that as 
a consequence of refraction the total absorbing 
path in the back half may be more than 25 per- 
cent longer. This difference is able to overbalance 
the loss of intensity suffered by light rays on 
their way through the front half of the cell, with 
the result that the net absorption in the back half 
is greater. 

Within single cells, asymmetric action of light 
due to refraction seems to be the most important 
factor in phototropism, although these effects may 
be outweighed by rapid absorption in the near 
half of the cell. Perhaps the most striking dem- 

18 Castle, B. S., J. Gen. Physiol., 17. 49. 1933. 
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onstration of the influence of refraction is that 
of Buder^^, who obtained negative, i. e., reversed, 
phototropic bending of cells of Fhycomyces im- 
mersed in paraffin oil. On the other hand, pene- 
trating radiation which is not refracted, such as 
y-rays, produces no phototropism whatever^. 
Other polar effects of visible light, such as the 
determination of the first cleavage plane of cer- 
tain plant spores, are probably based on re- 
fraction. 

Conclusion 

In this discussion I have intended to call atten- 
tion to an interesting class of light effects dis- 
covered long ago but not well known to physio- 
logists generally. The action of light in these 
cases is not a synthetic one, and is independent 
of the presence of chlorophyll. In every case, 
however, a carotinoid pigment appears to be 
present. In serving to release rather than to store 
energy, these effects of light have most in com- 
mon with excitation in animal photoreceptor sys- 
tems. In some cases, as in Fhycomyces, the 
phenomena of adaptation are prominent, and can 
be understood in terms of a reversible photo- 
chemical system such as seems to underlie the 
great majority of light responses. In other cases, 
the processes of adaptation are masked by the 
slow nature of the response, and we can only 
observe the steady state set up by the new inten- 
sity, as in Funaria. 

The visible effects of excitation which we have 
considered are typically produced on some contin- 
uous cell function such as growth or streaming. 
These functions comprise separate reaction sys- 
tems within the cell which are influenced by light 
but not controlled by it. The characteristically 
long latent period is thus occupied by the trans- 
mission of an effect between two relatively in- 
dependent systems : the light system and the 
response system. Why transmission should be 
so much slower than in the photoreceptor which 
discharges a nerve impulse, wc do not know. The 
difference obviously lies in the nature of the con- 
necting events, but there is urgent need to know 
what these events really are for any cell which 
responds to light. 

u Buder, J., Ber. bot. Ges., 88, 10, 1920. 


Di.scussion 

Dr, Harris : What is the explanation of photo- 
tropism in a pigmented plant which bends toward 
a source of light — is the action of light there 
also greater on the back surface? 

Dr, Castle : In the case of the oat coleoptile, 
a much less transparent organ than the single 
cells we have been discussing, the action of light 
is greater on the side nearer the light. The effect 
of light is to inhibit growth on that side, due to 
a diminished flow of growth substance. If Bot- 
telier's idea is correct, this effect on the transport 
of growth substance is based on the inhibition of 
protoplasmic streaming by light. 

Dr, Brackett: In one case, Fhycomyces, you 
postulate a direct photochemical mechanism hav- 
ing to do with rate of growth; in the other, 
Avem, a different mechanism affecting the distri- 
bution of growth substance. Since the spectral 
sensitivity curves for the two cases are so similar 
don’t you think it more likely that we are dealing 
with a single, fundamental, initial photochemical 
action ? 

Dr, Castle: In all these cases which I have 
described having spectral sensitivity curves re- 
sembling carotinoid absorption, the initial photo- 
chemical reactions must be similar. The end- 
effect which we actually observe, however, is 
separated from the photochemical process by con- 
siderable time. This permits the occurrence of 
intermediate chain reactions which eventually 
produce the specific results which we measure. 

Dr, Mestre: Has it ever been established 
whether the phototropic effect in Fhycomyces is 
actually due to auxine? I should think this could 
easily be determined by growing two lots of 
Fhycomyces, one in the dark and one in the light, 
and testing for auxine content by the usual agar 
hUKk-Avena coleoptile method. 

Dr, Castle: Tliat test has not been made. In 
attempting to compare the Fhycomyces-system 
with a growth system regulated by hormones, one 
should note that while auxine is, according to 
Went, strictly necessary for the elongation of 
Arena cells, the accelerator which light produces 
in Fhycomyces is not necessary for growth, since 
this goes on adequately in darkness. At the same 
time, it is very interesting that Thimann and 
Skoog have found that the terminal buds of Vida 
faba produce growth substance only in the light. 
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I 

Measurements of just perceptible intensity dif- 
ferences originally became significant because of 
their contribution to the problem of intensity 
recognition. The question which interested Fech- 
ner (1858) and his contemporaries was the rela- 
tion between mind atid body; what Fecliner in 
particular wished to achieve was a quantitative 
description of the magnitude of sensation in 
terms of the physical stimulus which initiates it. 
Since a direct attack seaiied impossible, it was 
replaced by an indirect one; the hope was that 
the estimation of sensation in terms of intensity 
would come out from measurements of the esti- 
mation of intensity differences. 

Bouger (1760), Steinheil (1837), Weber 
(1834), among others (for summary, see Hecht, 
\92Ab) had shown that the sensory evaluation of 
intensity differences is a relative affair and de- 
pends on the prevailing intensity. None of these 
data before 1860 could lay claim to any high pre- 
cision. In fact, it was their very approximate 
nature which was of significance and which made 
them acceptable. If 7 and I+A/ are two ex- 
ternally measured intensities which can be rec- 
ognized as just perceptibly different in sensation, 
then the data showed that the just perceptible in- 
crement A/ is not an absolute value which pro- 
duces its sensory effect regardless of the prevail- 
ing intensity /, but rather that the two are re- 
lated so that the ratio A7/7 is roughly constant. 

The error came in when Fechner, on the basis 
of poor measurements, supposed the fraction 
A//7 to be rigidly constant. After adding the 
strategic assumption that the value of this frac- 
tion corresponds to a unit of sensation A-S", he 
integrated the relations between the two, and 
formulated the psychophysical law that the mag- 
nitude of sensation varies as the logarithm of the 
stimulus intensity which evokes it. With this 
law, and with its superstructure of psychophysics 
which Fechner (1860) built we need not con- 
cern ourselves here, since insofar as they rest on 
the constancy of A//7 they have been in error 
for seventy-five years. Our interest is in the 
fraction A/// itself, which by now has become 
of importance in its own right. In this paper we 
shall deal with the facts of its behavior, and with 
a formulation of its meaning in the field of photo- 
reception. 

II 

Fedmer's supposition that A/// is constant 
for vision had hardly appeared in print when it 
was shown to be erroneous by Helmholtz ( 1866) 


on the basis of even a few measurements. How- 
ever, it was Aubert in 1865 who first showed by 
extensive measurements with the human eye that 
A/// is not constant, but varies in a specific way 
with 7. His results have been corroborated by a 
variety of workers (see Hecht, 1924i^, 193Sa) 
during the last seventy-five years, not only for 
the eye but for the ear as well. For the eye 
A7// decreases steadily from nearly 1 at low in- 
tensities to as little as 1/167 at high intensities. 

The classic research on the way in which 
A7/7 varies with 7 has been considered the work 
of Koenig and Brodhun (1888, 1889). They 
found, as had Aubert and everyone since, that as 
7 increased A7/7 decrea.sed. In addition, how- 
ever. they found that with further increase in in- 
tensity A7/7 again rose. This rise at high inten- 
sities has been generally accepted, and has formed 
an essential part of the theoretical explanations 
(Hertzsprung, 1905; Putter, 1918; Hecht, 
1924Z?, 1928; Houstoun, 1932) which have been 
given for the precise way in which A7/7 varies 
with 7 in the visual prcx:ess. 

In the last two years the situation has changed 
fundamentally with respect to this rise in the 
fraction A7/7 at high intensities. First, the in- 
tensity discrimination of insects, as measured by 
Wolf (T933a, b) with the bee, and by Hecht and 
Wald (1934) with Drosophila, shows no rise in 
A7/7 at high intensities; even when tested with 
intensities 10,000 limes higher than the one at 
which its minimum A7/7 becomes established. 
Drosophila showed not the slightest u]:)turn in the 
value of A7/7. Second, the validity of the up- 
tuni for the human eye itself has also been se- 
riously questioned. Guild (1932) published an 
experiment which shows that the rise in A7/7 at 
high intensities is ‘'entirely factitious and depends 
on the degree of adaptation of each field-inten- 
sity which prevails when the observation is 
made’‘; and quite independently, Steinhardt, in 
some work s(Km to appear from our laboratory, 
has shown that the rise in A 7/7 may be largely 
eliminated by surrounding the test-field with a 
large field of about the same brightness as the 
test-field, and by proper adaptation of the eye to 
the prevailing brightness. 

Since the upturn in A7/7 has been so integral 
a part of the theories of intensity discrimination, 
its non-existence in the insect eye and in the 
human eye has rendered a new formulation nec- 
essary for the data. I have recently (1934Z>, 
1935a) tried to supply such a formulation, and 
the adequacy with which it described the data 
then available, as well as some data secured since 
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then, prompts me to present it here as the 
complement to a summary of the facts. 

ITI 

Intensity discrimination has l)een measured in 
insects, in Mya, and in man. To understand their 
similarities and differences, it is necessary to be- 
come familiar with the measurements. The data 
for Drosophila are in Fig. 1, and are from the 
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Fig. 1. The measurements of intensity discrim- 
ination of Drooophila. The curve is from equa- 
tion (1). 

work of Hecht and Wald (1934). They repre- 
sent the average measurements with 24 flies, and 
show that A/// steadily decreases as / increases. 
I'he relation between the two is continuous, such 
as would be expected if just one photoreceptor 
system were concerned. The curve drawn through 
the points has the form 

A/// = r (1 + \IKl) (1) 

where r is a constant which determines the posi- 
tion of the curve on the ordinates, and K is con- 
stant similarly determining the position of the 
curve on the abscissas. Because the data are 
plotted as log tsl/l against log /, the form of the 
data, and of the curve resulting from equation 
(1) is invariant, and independent of the con- 
stants c and K. It is apparent that the equation, 
as represented by the curve in Fig. 1, adequately 
describes the data. 

Wolf’s (1933a) first measurements with the 
bee are fairly scattered and irregular. They are 
shown as solid circles in Fig. 2. Wolf’s (19336) 
later measurements, shown by clear circles in Fig. 
2 are smoother, more numerous, and obviously 
more critical. Though they were made with dif- 
ferent sizes of stripes, the measurements are all 
essentially similar. This is shown by the fact 
that the same curve describes them all. The curve 
represents the equation 

A/// = c (1 + vimf (2) 







Fig. 2. Wolf's measurements of the intensity 
discrimination of the honey bee. The black circles 
are the data from the first paper; the plain circles 
from the second paper. The numbers attached to 
the curves are the visual acuities multiplied by 
1000 and are inversely proportional to the size of 
the stripes used for the measurements. The same 
curve is drawn through all the data; it is from 
equation (2). 


in which c and K have the same meaning as in 
equation ( 1 ) ; because of the log plot the shape 
of the data and of the curve from equation (2) 
is constant and, as before, independent of c and 
K, The cur\^e obviously describes the later data 
of Wolf very well. The same curve is drawn 
through the earlier data, even though the meas- 
urements are not particularly critical for deter- 
mining whether equation (1) or (2) fits better. 

Note that equations ( 1) and (2) are very sim- 
ilar in form. Later their derivation and mean- 
ing will be discussed. For the present they may 
be considered as purely empirical equations which 
fit the data. 

Drosophila and the bee have organized eyes. 
The only other data of intensity discrimination 
available for invertebrates are for the clam Mya, 
which has a diffuse sensitivity to light all over its 
siphon. The measurements with Mya, made ten 
years ago (Hecht, 1924a), record the necessary 
increase in illumination to which the animal re- 
sponds with a specific reaction time, after having 
been adapted to another intensity. Fig. 3 shows 
the data for responses at five different reaction 
times. The measurements are not so smooth as 
can be wished, but they are consistent in showing 
that the relationship of A/// to I is the same for 
all reaction times. Moreover the slope and shape 
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Fig. 3. Intensity discrimination of the clam, 
Mya. The clear circle so obviously off the topmost 
data is an extrapolated value. The curves are all 
from equation (2). 

of the data are critical enough to show that equa- 
tion (1) does not fit them at all whereas equa- 
tion (2) fits them with as good precision as the 
data permit. 

The remaining measurements of intensity dis- 
crimination are for the human eye, and furnish 
an unexpected demonstration of the validity of 
the von Kries - Pariiiaud duplicity theory (v. 
Kries, 1929) which ascribes sei>arate functions to 
the cones and rods of the retina. An excellent 
example is in Fig. 4 which shows the measure- 
ments of iilanchard (1918) as open circles, and 
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Fig. 4. The measurements of Blanchard are the 
plain circles; those of Lowry are the black circles 
and have been raised 0.15 log units along the 
ordinates to bring them into continuity with Blan- 
chard's data. Note the natural breaking of the 
data into two sections indicative of rod and cone 
functions. The curve for the high intensity, cone 
data is from equation (2); the one for the rod 
data is actually from equation (1), but the other 
equation would do just as wdl. 


of I^wry (1931) as solid circles, both liaving 
been made in the same laboratory under similar 
conditions, but thirteen years apart. The data 
break by themselves into two parts. Most likely 
the low intensity section is concerned with rod 
function, while the high intensity section ex- 
presses cone function. 

The dichotomy of intensity discrimination into 
rod function and cone function may be demon- 
strated in two ways. The first involves the use 
of s]:)ectral light. The measurements in Fig. 4 
were with white light. Fig. 5 contains the data 



Fig. 5. The data of Koenig and Brodhun for 
Koenig's eye for red, orange, and yellow spectral 
light. The red data are continuous and show only 
cone function, whereas the orange and yellow show 
Increasing amounts of rod function. The curves 
are from equation (1) for the rod section and from 
(2) for the cones. 

of Koenig and Brodhun (1889) with the red, 
orange, and yellow light. Since the extreme red 
of the spectrum even at low intensities is more 
effective for the cones than for the rods, it is not 
surprising to find lliat the points for 670 m/i lie 
on one continuous curve and show no trace of the 
break so strikingly present with white light. The 
data for 605 m/x. and for 575 m/t show the usual 
discontinuity and the separate presence of rod 
and cone function. As would be expected from 
the relative effectiveness of 605 and 575 m/A at 
low intensities for rods and cones (Hecht and 
Verrijp, 1933), the rod portion for 575 is 
larger tlian for 605 m/x. In all cases, the few 
points at high intensities must be disregarded be- 
cause they were undoubtedly made under condi- 
tions which did not prevent a rise in A/// as al- 
ready discussed. 

The second method of demonstrating the scp- 
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Fig. 6. Steinhardt’8 measurements with white 
light. The upper data are with a field 56^ in 
diameter; the lower with a Held 3® 44' in diameter. 
The upper data show only cone function and are de- 
scribed as usual by the curve from equation (2). 
The lower data show both rod and cone function; 
the curve through the former is from equation (1), 
while through the latter it is from (2). 

arateness of rod and cone function is by meas- 
urements with differently located retinal areas; 
they have been made by Steinhardt and are soon 
to be published. Steinhardt measured the rela- 
tion of A/// to I for different test-field sizes. 
For white light and te.st areas larger than 2° his 
measurements, without exception, fall on a double 
curve similar to the data of Blanchard and also of 
Aubert; wliile for smaller, foveally fixated areas, 
they always form single curves like those of 
Koenig and Brodhun with light of 670 m/i. Fig. 
6 shows two examples of his data. The upper 
measurements are for white light and a test area 
56' in diameter, having a large surround in order 
to maintain the eye as a whole at the intensity 
of the measurements. This size of test-field falls 
entirely within the rod- free area of the fovea, 
and as a result the measurements show no inflec- 
tion point. The lower data in Fig. 6 were made 
with a field S'" 44' in diameter, also with a large 
surround, and show clearly the presence of a 
break indicating the presence of two sq>arate 
functions, cones at high intensities and rods at 
low intensities. 

It is striking that the curves drawn through 
the measurements in Figs. 4, 5, and 6 are all the 
same. The curves through the cone data of all 
observers represent equation (2). Equation (1) 
is definitely excluded. The precision with which 
the cone data are described by the curve of equa- 
tion (2) is not to be underestimated, especially in 
view of the varied origins of the measurements. 
The measurements included in the rod sections 
are too few and cover too small an intensity 
range for any critical decision between equations 
(1) and (2). They may be described by either 
one; perhaps equation (1) is somewhat better, 
especially on the basis of Aubert 's data which are 


not reproduced here. The main point is that the 
cone data is certainly described by (2) and not 
by (1), while the rods may be fitted by either. 

We have now examined the data of intensity 
discrimination with light for all the animals in 
which this function has been measured. The 
generalization which may be made about them is 
that from clam to insect to man they are essen- 
itally similar, and that the available measurements 
may be quantitatively described by one or the 
other of two essentially similar and very simple 
equations relating A/// and /. We may next 
examine the nature and origins of these two 
equations. 

IV 

It can be shown that the two equations describ- 
ing intensity discrimination may be derived in 
terms of certain general notions about the initial 
events which take place in the photoreceptor 
process. These general ideas are that in the pro- 
cess of photoreception there are (a) an inactive 
photosensitive substance which absorbs light and 
is changed by it into one or more active sub- 
stances which start the train of events ending in 
an impulse from the receptor cell; and (b) some 
means of maintaining a supply of the sensitive 
material, since otherwise it would be used up and 
the process would come to an end. 

Obviously, the photoreceptor process itself is 
more complicated than this. Moreover vision and 
light sensitivity involve not only the receptor pro- 
cess in the sensory elements but the nerve im- 
pulses generated by the stimulated elements and 
by neighboring elements, as well as all sorts of 
central nervous changes of which we know little 
or nothing. Since these are all concerned with 
vision, they surely influence its cliaracteristics to 
some extent. The question is to what extent ; and 
the answer can be secured only by trial. 

Our own viewpoint has been that, no matter 
what determines the nature of vision, the ulti- 
mate place of origin of the impulses passing up 
the optic tracts is in the action of light on the 
sensory elements. Therefore for .several years 
(Hecht, 1934ij) we have measured various prop- 
erties of vision and photoreception to ascertain 
whether the data owe any of their quantitative 
properties to the characteristics of the very first 
reactions which must take place between light and 
the sensitive elements concerned with receiving 
the light. The advantage of dealing with this 
first process is that it is photochemical, and that 
the properties of photochemical systems have 
been much studied and clearly formulated. The 
present data of intensity discrimination are there- 
fore a significant case in point. 

What are the properties of a photochemical 
system such as we have described above in gen- 
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cral terms, under the conditions of intensity dis- 
crimination? Let the total initial concentration 
of sensitive material be a ; let light of intensity 
I shine on it; let the concentration of photo- 
products / be ; and let it be assumed that some 
of these products reunite under proper conditions 
to form again the sensitive material. The veloc- 
ity of the process as a whole will then be 

(dx/dt)i = kil (a-x)”^ — k 2 X^ (3) 

where m and n represent the order of the photo- 
chemical and the dark, regenerating reaction re- 
spectively; and and ^2 are their velocity con- 
stants, ki including the absorption coefficient. On 
continuous illumination a stationary state is 
reached in which the opix)sing reactions become 
equal ; the concentrations of sensitive material 
and photoproducts become constant; and equa- 
tion (3) becomes equal to zero. This gives 

l = k2xVki (a-;r)« (4) 

If the system is now exposed to intensity 
I+AIf the initial velocity will be 

(dx/dt) ki (I+AI) (a-x)*^-k 2 X^, (5) 

no changes in concentration having yet taken 
place. Subtracting equation (3) from (5), we 
get 

(dx/dt)M = kiAI (a-x)^, (6) 

Assume that AI is recognized when {dx/dt)M 
is constant and equal to c'. This probably means 
that in a short time a constant increment of 
sensitive material Ax must be decomposed by 
the addition of A/; this small increment A^^' 
may show itself as a given increment in the fre- 
quency of impulses leaving the receptor cell to 
the associated nerve fiber (cf. Adrian and Mat- 
thews, 1927). Equation (6) then gives Al = 
c'/ki (a-4r)"*. Dividing this value of Al by the 
value of / from equation (4) we get 

Al/l^c'/k2X^ (7) 

as a description of Al/1 in terms of the general 
photoreceptor system. 

In order to compare this general derivation 
with specific data which give AI/I against /, it 
is necessary to replace x by I derived from equa- 
tion (4), and this requires specific values for m 
and n. When m = w = 1, that is when both the 
light and dark reactions in the initial photo- 
chemical reaction are nionomolecular, equation 
(7) becomes 

AI/I-c(l + \/KJ) (8) 

where K = ki/k 2 , and c = c'/ak 2 . When m = n 
= 2, that is when both reactions are bimolecular, 
equation (7) becomes 

AI/I = c (1 + [l/KI]^)^ (9) 

where c = c'/a^A?2. 


Equations (8) and (9) are the same as (1) 
and (2) which we have found to describe the 
data of intensity discrimination. Equation (1) 
descril)cs the Drosophila data, and this must mean 
that the light and dark reactions in the photore- 
ceptors of Drosophila are both monomolecular. 
Equation (2) fits the liee data, the data for Mya, 
and the cone data for the human eye, and indi- 
cates that for the photochemical systems in these 
photorecq)tors, the light and dark reactions are 
bimolecular. For the rods of the human eye it is 
not possible to decide which of the two systems 
obtains. 

I'he main point to be recognized is that the 
general quantitative properties of the very first 
photochemical events which take place in the vis- 
ual process yield equations which adequately de- 
scribe the data of intensity discrimination from 
a variety of widely different animals. 

V 

Since these ideas were published (Hecht, 
19346, 1935a), additional data have appeared 
which furnish fresh and unexpected confinna- 
tion of them. They are particularly interesting 
because their author (Wright, 1935) c(jmpletely 
missed their significance and actually believed 
them to mean something quite different. 

What Wright did was to pre-adapt his eye to a 
high intensity, and then rapidly measure the value 
of AI for a test intensity I which was a small 
fraction of the pre-adapting intensity. Using the 
same test intensity /, he measured AI after jire- 
adaptation to different high intensities. His data 
are shown in Fig. 7. Consider the two upper 
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Fig. 7. Wright's measurements of for four 
values of I made after pre-adaptation to a varied 
remge of high intensities. The lines indicate the 
general trend of the measurements. 

experiments in which he used adaptation intensi- 
ties between 1000 and 40,000 photons, and meas- 
ured Al for / = 1080 photons and / = 550 pho- 
tons respectively. He found that AI is practic- 
ally constant ait about 70 photons and 50 photons 
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respectively in spite of the large variation in 
adapting intensity. A slight increase in A/, to 
perhaps IS per cent, is apparent, but this is with- 
in the accuracy of the measurements. 

We have seen in equation (7) that A/// = 
which means that A/// varies inversely 
with x‘^. It then follows that when x varies A/// 
will vary, and when x is constant A/// is con- 
stant. Wright argued correctly that since A/// 
depends on the concentration x, then the value of 
A/// should vaiy with the state of adaptation of 
the eye, which can be controlled by the adapting 
intensity. However, it is significant to note in 
Fig. 4 that A/// Ixicomes practically constant, 
and therefore x becomes constant, at about 100 
photons. Between 1000 and 40,000 photons, the 
state of adaptation of the eye as judged by 
A///, and of the photoreceptor system as judged 
by X, is constant. In other words, though Wright 
thought he liad changed profoundly the state of 
adaptation of the eye with these high intensities, 
the fact is that it had remained practically un- 
altered. I'his is confirmed by the fact tliat not 
only A///, but visual acuity (Koenig, 1897), and 
the critical fusion frequency for intermittent 
stimulation (unpublished experiments) are prac- 
tically constant in the range of these high illum- 
inations. 

l^et la be any one of these very high intensities 
and let Xa l>e the concentration of photoproducts 
at the stationary state when the eye is adapted to 
/o. The concentration of sensitive material is then 
a-Xa. In Wright’s experiment, the eye was rapid- 
ly changed from this intensity la to a photometric 
field of which the intensity on one side is / and on 
the other the just noticeably brighter one /+A/. 
The action of I and of /+A/ on the system 
is then given by equations (3) and (5) in 
which a-Xa i^s the concentration of sensitive mate- 
rial and corresponds to the pre-adapting intensity 
/o. Following the steps already given and re- 
membering that m = w = 2 for the cones, we get 
that 

Al = c/(a-Xay^ ( 10 ) 

where c = 

Fig. 4 tells us that Xa is practically constant be- 
tween 1000 and 40,000 photons; hence a-Xa is 
constant. In terms of equation (10), A/ should 
be practically constant, and this is what Wright 
found. The values of A/ in the two upper ex- 
periments in Fig. 7 rise only slightly as /« mounts 
to 40,000 photons, as they should since Xa also 
increases only very slightly. 

Returning to Fig. 4, we see that as I goes be- 
low 1000 photons, /SI/I begins to rise, at first 
slowly and then rapidly. In terms of equation 
(7) this means that Xa decreases in the same way, 
and that therefore a-^r^ increases similarly. There- 


fore for adaptation intensities in this range, A/ 
should not be constant, but should increase with 
adapting intensity. The lowest block of data in 
Fig. 7 describes just such an experiment made by 
Wright, la varies between 100 and 4,000 pho- 
tons, while / is 6 photons. The data clearly show 
that over the range covered, A/ increases about 
60 per cent. The third block of measurements 
in Fig. 7 were made by Wright with adaptation 
intensities intermediate between the lower and 
higher just discussed, and also show an interme- 
diate rise in A/. These experiments thus yield 
results which are to be expected in terms of the 
ideas alx)ut intensity discrimination which have 
been presented here. 

Wright also made some measurements which 
are the complement of those already discussed. In 
these he kept the adapting intensity lu constant, 
and varied the measuring intensity /, and then 
determined the value of A/ corresponding to it. 
In the one experiment given in his paper 
la = 10,000 photons while I varies between 50 
and 550 photons. 

What can we expect of the behavior of AI/I 
under these conditions? Equation (7) tells us 
that AI/l is inversely proportional to the concen- 
tration of photoproducts at the stationary state. 
In the present case the adapting light h keeps x 
constant at Xa ; therefore A/// must be constant. 
This is precisely what Wright found; and here 
again his data do precisely what is to be ex- 
pected of them. 

Perhaps the simplest way of realizing wliat 
Wright's experiments mean in terms of the 
photoreceptor process is to look again at the data 
in Fig. 4. Between 100 and 10,000 photons the 
eye is in a practically constant state as shown by 
tile constancy of AI/L It matters little how 
high the adapting intensity is, and whether the 
measuring intensity is 100 or 1000 photons, be- 
cause the concentration x is nearly the same for 
this range, and therefore AI/I will be the same. 
Wright's experiments probably also involve a 
certain amount of dark adaptation, but it would 
take us too far afield to go into the matter here 
(cf. Hecht, 19356). 

For us the significance of Wright’s measure- 
ments is that they are easily interpreted by, and 
necessarily follow from the equations and ideas 
already used for describing intensity discrimina- 
tion in terms of the photochemical changes in the 
retinal elements during vision. They may thus 
be considered as added and unprejudiced con- 
firmation of these ideas. 

Summary 

An examination of the data of intensity dis- 
crimination of such diverse animals as the bee, 
the fruit-fly, the clam, and man, shows them to 
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be essentially similar. In general the fraction 
A//-/ decreases as / increases. The measure- 
ments differ in the fact that for man the data 
break into two sections indicative of rod and of 
cone behavior, whereas for the other animals the 
beliavior of only one sensory system is apparent. 

The data for each photosensory system is de- 
scribed quantitatively by one of two essentially 
similar equations relating A/// to /. 

A theory of visual intensity discrimination is 
proposed in terms of the photcKhemical events 
which take place at the moment when a photo- 
sensory system already adapted to the intensity I 
is exposed to the just preceptibly high intensity 
/+A/. Unlike previous formulations this theory 
predicts that the fraction A///, after rapidly de- 
creasing as I increases, does not increase again 
at high intensities, but reaches a constant value 
which is maintained even at the highest intensities. 
This theory yields the two equations used to de- 
scribe the measurements. 

In terms of the theory, the data of intensity 
discrimination give critical information alxmt the 
order of both the photochemical and dark reac- 
tions in each photosensory system. The reac- 
tions turn out to he variously monomolecular and 
bimolecular for the different animals. 

Recently published experiments show that 
when the eye is pre-adapted to very high inten- 
sities, the instantaneous value of A/ for a given 
I is very nearly constant when adapting and 
measuring intensities are both high, but increases 
significantly when they are both lower. More- 
over when the pre-adaptation intensity is high 
and constant and the measuring intensity / is 
variable, then A/// remains constant. 

The results of these measurements are shown 
to follow from the equations and ideas already 
formulated, and thus constitute independent cor- 
roboration of the theory, 
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I. 

The most consistently revealing generalization 
about vision conies from Max Schultze’s (1866) 
recognition that the vertebrate retina in general 
and the human retina in particular contain two 
different types of receptor, rods and cones, and 
that these have different visual functions. Fur- 
ther physiological implications of this double 
retinal structure were drawn by Parinaud (1885) 
and by von Kries (for summary see v. Kries, 
1929), and the total conception has formed the 
Duplicity Theory which ascribes the cliaracteris- 
tics of colorless vision at low intensities to the 
rods, and of color vision at high intensities to the 
cones. 

With the years the evidence for this generali- 
zation has fiecome more extensive and impressive 
because of the variety of visual measurements 
which have found their simple explanation in 
terms of it. Wc wish to add to this body of data 
the information gained from the work on flicker 
which has been going on in our latoratory for the 
lajit five years. 

ir. 

The flickei'ing sensatian jiroduced by regularly 
interrupted illumination disappears when the fre- 
quency of intcrrui)tions is made sufficiently high. 
Under controlled conditions the determination of 
this critical fusion frequency may be made with 
considerable accuracy. As a result, its precise 
value has been shown to depend on a variety of 
conditions. 

The most basic factor which controls the criti- 
cal frequency is the intensity of the flickering 
light. Though the dependence of the critical fre- 
quency on illumination was recognized over one 
hundred years ago by Plateau (1829), and is evi- 
dent from the work of Kmsmann (1854) and of 
Nichols (1884), it was only forty years ago that 
Ferry (1892) formulated what has since become 
known as the Ferry-Porter law, namely, that the 
critical frequency is proportional to the logarithm 
of the illumination intensity. Ferry’s published 
measurements distinctly do not support this 
generalization, but the later data of Porter 
(1902) do. Porter’s work was corroborated by 
Kennelly and Whiting (1907), by Ives (1912), 
and by Luckiesh (1914). 

Porter found that when the critical fusion 
frequency — as cycles of light and dark per 
second — is plotted against the logarithm of the 
intensity the data fall on ttvo straight lines in- 
stead of one. The two lines intersect at an 


illumination of about 0.25 meter candles, and 
the slope of the lower is 1.56 while that of the 
upper is 12.4. These findings were confirmed by 
Ives. Ives data for different parts of the spec- 
trum show a dual logarithmic relation similar to 
that for white light. However, the slope of the 
straight lines and their point of intersection seem 
to vary with the wavelength of the light, the 
upper and lower limbs of the relationship varying 
in different ways. In addition Ives found the 
extraordinary fact that for blue light the lower 
line becomes horizontal. 

These peculiarities are difficult to reconcile 
with the obvious interpretation of Porter’s data 
in terms of the Duplicity Theory, that is, that the 
lower limf) describes the function of the rods 
while the upper liml) describes the function of the 
cones. This difficulty has been emphasized by 
Allen (1919, 1926) who has in general agreed 
with the work of Porter and of Ives, but has dif- 
fered from them by drawing through his meas- 
urements about five short straight lines of differ- 
ent slope instead of the usual two. In our esti- 
mation, the data presented by Allen do not justify 
this treatment ; the points appear to lie on a con- 
tinuously curving line. The work of Lythgoe 
and Tansley (1929), distinctly gives no support 
to Allen’s multiplicity of straight lines. 

Lythgoe and Tansley ’s measurements confirm 
the logarithmic relation of intensity to fusion fre- 
quency, but Lythgoe and Tansley attach no im- 
portance to its strict formulation as done by 
Ferry, by Porter, and by Ives, and consider that 
their data agree only under certain conditions 
with the linear relation of critical frequency to 
log /. The same may be said about the measure- 
ments of Granit and Harper (1930), who found 

that for a range of about 1 to 1000 in intensity 
the critical frequency is very nearly directly pro- 
portional to the logarithm of the intensity. For 
higher intensities the relationship does not hold, 
and the curve of frequency against log I tends 
to become horizontal, as already found by Griin- 
baum (1898 ). 

One striking thing appears in the work of 
Lythgoe and Tansley though they do not recog- 
nize its significance. Ives had found that for 
blue light the lower limb of his data is horizontal, 
and in this he had been confirmed by Allen. This 
seemed a special property of blue light. How- 
ever, Lythgoe and Tansley have recorded that 
when measurements are made with a retinal area 
10° from the center of the eye the lower portion 
of the data tends to be horizontal even for white 
light. 
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Our original determination (Hecht and Ver- 
rijp, I93ib) to study flicker was prompted first, 
by the confused state of the situation in its rela- 
tion to rod and cone functions; and second, by 
the fact that none of the measurements existing 
at the time covered a range of intensities suffi- 
cient to define the relation between critical fre- 
quency and intensity over the functional range of 
the eye. Since then, we have measured this rela- 
tion for different portions of the retina, for dif- 
ferent sizes of field and for different colors, for 
as large a range of illuminations as possible, and 
under such conditions of fixation and surround- 
ing illumination as to render the data reproducible 
and definitive. 

III. 

For a central area approximately 2° in diame- 
ter the retina is practically rod-free and contains 
only cones. Outside of this area, rods appear 
and increase in number toward the peri])hery. 
Judging by this fact, and by previous work on 
intensity discrimination (Steinhardt, in press; cf. 
the preceding paper in this Symposium), and on 
dark adaptation (Hecht, Wald, and Haig, 1932), 
the relation between fusion frequency and inten- 
sity as measured with central areas smaller than 
2® in diameter should be a continuous function 
representing cones, whereas with larger areas or 
with similar small areas outside the fovea, the 
relation should show a duplex character illustra- 
tive of the predominant working of rods at low 
intensities, and of cones at high intensities. 

The measurements of Hecht and Verrijp 
fl933i^) with a small field located centrally and 
peripherally on the retina showed this to be cor- 
rect, and our more recent measurements (Hecht 
and Smith, 1935) wdth centrally fixated areas of 
varying size add further confirmation to these 
findings. 

The apparatus originally used (Hecht, Shlaer, 
and Verrijp, 1933) was so arranged that an ob- 
server, looking through a pupil of fixed dimen- 
sions, viewed a field of 2^ diameter whose 
illumination was periodically interrupted and 
which was surrounded by a field of 10® whose 
illumination was continuous but otherwise identi- 
cal with the interrupted field. We have since 
redesigned this optical system so as to increase 
the size of the surround to 35® in diameter, and 
to enable us to have flickering test-fields of any 
size within the limits set by the diameter of the 
surround. The rest of the apparatus is the .same 
as before, and various parts of it are concerned 
with controlling and recording the retinal jxjsition 
of the field, its intensity, its spectral composition, 
the frequency of interruption of its illumination, 
and the location and brightness of a fixation 


point in it. The procedure for making measure- 
ments is so simplified and regulated that a com- 
plete set of readings over the whole intensity 
range of vision can be made at one sitting with- 
out fatigue or strain. 



Fig. 1. Relation between critical frequency and 
log I for white light with a 2° field in four retinal 
locations: at the fovea, and at 5°, 15® and 20® 
above the fovea. The data are from Hecht and 
Verrijp (1933b). Due to an error in the original 
paper, the intensities have had to be multiplied by 
40 to convert them correctly into those here given. 

Fig. 1 shows the measurements of Hecht and 
Verrijp (1S>33Z;) made with a 2° field (having 
a 10® surround) situated in the center of the 
fovea and at 5®, IS'’, and 20^^ above it. It is 
clear that for the fovea there is one continuous 
relation between critical frequency and the 
logarithm of the intensity. The relationship, 
however, is not rectilinear, but distinctly sigmoid, 
the S-shape being rather drawn out. In the range 
of intensities lying between alx)ut 10 and 1000 
])hotons, the data lie with reasonable precision 
on a straight line, and thus confirm Porter, Ives 
and the other workers. The sloi>e of this middle 
section is 1 1 .0 and is the same magnitude as 
found by previous investigators. 

Below 10 photons the critical frequency con- 
tinues to decrease as log / decreases, forming a 
gentle curve and stopping fairly abruptly when 
with central fixation the field appears uniform 
even when the test area is extinguished. At the 
highest intensities the relation between critical 
frequency and log I rapidly ceases to be linear. 
As the intensity is raised a maximum critical 
frequency is soon reached, beyond which a fur- 
ther increase in intensity results in no further 
increase in critical frequency ; rather it results in 
a decrease. 
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The measurements with the peripheral fields 
shown in Fig. 1 clearly fall into two parts. The 
first is at low intensities, where the critical fre- 
quency first rises with log I and then reaches a 
maximum which is maintained approximately 
constant for about 1.5 logarithmic units. The 
total intensity range covered by this rise and 
plateau is about 3.5 logarithmic units. The second 
part also begins with a rise in critical frequency 
as log / increases, and also terminates when the 
critical frequency reaches a maximum. The in- 
tensity range covered by the second part is about 
4 logarithmic units. The same results obtain in 
whatever peripheral direction of the eye the meas- 
urements are made. 

Since the central, 2° field falls within the rod- 
free area of the retina, the continuous nature of 
the data indicates that they are a function of the 
cones alone. The double nature of the peripheral 
measurements very likely represent rod function 
for the low intensity section and cone function 
for the high intensity section. This is borne out 
by the increasing separation of the two sections 
as measurements are made farther and farther 
from the center: the cone section shifts to higher 
intensities and the rod section to lower intensities, 
as would be expected from the increasing ratio 
of rods to C(jnes in these regions. 

IV. 

VVe have very recently measured the relation 
between critical fusion frequency and intensity 
for four centrally located areas 0.3°, 2°, 6°, and 
19"^ in diameter, and our measurements (Hecht 
and Smith, 1935) confirm these conclusions. The 
surround for all the test fields in these new 
measurements has the same diameter, 35°. This 
increase in size of surround was for the purpose 
of removing, if possible, the drop in critical fre- 
quenev which occurs at very high intensities after 
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Fig. 2. Comparison of previous measurements 
(Hecht and Verrijp, 19S3b) using a 2® field having 
a 10® surround with those recently made with the 
same eye and field but having a 30® surround. 


the critical frequency has reached a maximum. 
Fig. 2 shows the data of S. H. with the 2° test 
field, using a surround of 35° and of 10°. The 
two sets of data are practically identical except 
at high intensities where the large surround 
observations show only a slight decrease in criti- 
cal frequency beyond the maximum. Even this 
decrease is frequently absent; again and again 
we have made runs in which the top of the curve 
is entirely flat. 

The measurements with these four central 
fields for E. L. S. are shown in Fig. 3. As ex- 
pected, the data for 6° and 19° break into two 
sections which must be identified with rod func- 
tion at low intensities and with cone function at 



Fig. 3. Influence of the area of test field on the 
relation between critical frequency and log I. 


high intensities. Note that the rod part is less 
extensive, and its plateau lower for the 6° field 
than for the 19° field. For the 2° and 0.3° 
fields the rod part is definitely missing. With the 
slight bend in these data we need not now' con- 
cern ourselves except to say that we are certain 
it is not due to a slight admixture of rods. 

The data for the 6° and 2° fields are of pointed 
interest in the problem of flicker and area. Except 
for the absence of the rod piece in the smaller 
field, the two sets of data are almost identical. 
Under the circumstances of possessing the same 
surround, a ninefold increase in area of the test 
field hardly changes the relation of critical fre- 
quency to intensity so far as cone function is 
concerned (cf. Granit and Harper, 1930). 

Fig, 4 presents the data of S. H. as the log- 
arithm of the critical frequency (/) against the 
logarithm of the intensity (/). This type of plot 
shows more strikingly the phenoniena already 
described. In spite of the irregularity in the 
0.3° data, a single curve describes the measure- 
ments fairly well. The same single curve is even 
more expressive of the 2° data, and it is also 
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Pig. 4. Area and the flicker relation. The log I 
axis is the same for all the data. The numbers on 
the log frequency axis to the left apply to the 
uppermost data only; the other data have been 
moved down in steps of 0.2 log units in order to 
space them, and their precise position is given on 
the right. The curves are from equation (1) for 
the cone portions and from (2) for the rod portions. 

drawn through the cone portions of the 19° and 
6° data. Its equation is 

KI = (1) 

where K is the dimensional constant which de- 
termines the position of the curve on the intensity 
axis, just as the value of fmaw determines its posi- 
tion on the critical frequency axis. Neither K 
nor f max affect the shape of the curve on the log 
/-log f plot. 

The rod sections of 19° and 6° require a slight- 
ly different curve which is the same for the two 
fields. Its equation is 

KI = f/{fmax ~ fy (2) 

where the terms have the same meaning as before. 

It is worth emphasizing that the rod sections 
of the 19° and 6° fields have the same curve 
drawn through them. While this is not clearly 
seen in an ordinary plot of critical fusion fre- 
quency against log /, it l)ecomes plain in the log 
/-log I plot of Fig. 4. The identity of the curves 
shows that the difference between the 19° and 6° 
rod data is not basic, but merely represents a 
displacement on the axes in the log plot corres- 
ponding to a change in the scale of plotting on 
the ordinary plot. Exactly the same is true for 
any systematic differences which the cone data 
show. Fundamentally the systems in the rods 
and cones which determine the relation between 
critical frequency and intensity remain the same 
regardless of area. Only the dimensional con- 
stants are changed by changing the area. 

V. 

In order to confirm the identification of the two 
sections of all these measurements with rod and 
cone function, we have used different parts of 
the spectrum to study the relation of critical fre- 


quency to intensity. Fig. S gives the relative 
spectral sensibilities of the cones and rods, and 
shows what may be expected of the measure- 
ments. Spectral energy can produce no visual 
effect until it reaches the relative intensity indi- 



Fig. 5. Comparison of rod and cone sensibility 
distributions in the spectrum, taken from the data 
of Hyde, Forsythe and Cady (1918) and of Hecht 
and Williams (1922). The curves are each accur- 
ately drawn from their separate data. Their verti- 
cal separation, however, has been arbitrarily ar- 
ranged so that they are nearly coincident in the 
red; this is a graphic expression of the fact that 
the colorless and color thresholds of the eye are 
nearly the same in the red. 

cated by the rod curve. Above that, rod function 
dominates until the cone threshold is reached. 
The intensity distance over which the rods dom- 
inate in visual function changes throughout the 
spectrum: between 670 and 630 rtifi it is small 
and alters only slowly; beginning at about 600 
nifi and going toward the blue, the distance be- 
comes rapidly larger, wliile below 500 m/n it 
remains practically constant. 

Preliminary investigation (Hecht and Verrijp, 
1933a) showed these expectations to be correct. 
We have therefore measured in detail (Hecht 
and Shlaer, 1935) the relation between intensity 
and critical frequency for different parts of the 
spectrum with a circular test field 19° in dia- 
meter, surrounded by a non-flickering area 35° 
in diameter. 

The information conveyed by the measure- 
ments can best be understood from their graphic 
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representation. As Fig. 6 shows, the data break 
sharply into two sections. The high intensity 
portions, identified with cone function, fall to- 
gether for all the colors. The low intensity 
sections, identified with rod function, are spread 
out much as expected, and extend to lower and 
lower intensities with decreasing wavelength. 



Fig. 6. The data of S. H. showing the relation of 
critical frequency to log I for the different spectral 
regions indicated. 

Fig. 6 resolves the mystery of Iveys' old meas- 
urements showing that the low intensity portions 
of critical frequency data which he found for 
different parts of the spectrum may he represent- 
ed f)y straight lines which differ in slope, the red 
being steepest and the violet being practically 
horizontal. It is apparent in Fig. 6 that for short 
stretches near the rod-cotie transition, straight 
lines can be drawn through the rod data, showing 
different slopes for the different wavelengths. 
The real phenomenon, however, is something 
quite different. It is that the separation of rod 



Fig. 7. The data of S. S. plotted as log fre- 
quency against log I for the different spectral 
regions. The numbers on the ordinates to the left 
apply to the topmost data; for convenience, the 
others have been moved down in steps of 0.2 log 
units, and their exact positions are indicated to 
the right. The curves are from equation (1) for 
the cone portions and from equation (2) for the 
rod portions. 


and cone sections as a whole increases as the 
wavelength decreases. This is shown strikingly 
by Fig. 7 in which the data of S. S. are plotted 
as the logarithm of the critical frequency against 
the logarithm of the intensity. The data for 
670 m/jt fall on a single, continuous curve, where- 
as the data for all other parts of the spectrum 
are best described by two separate curves. The 
transition between the two portions is quite sharp 
for all but the blue and violet data. The high- 
intensity, cone curve is in the same position for 
all colors, and the only effect of changing the 
spectral composition of the light is to shift the 
position of the low-intensity, rod curve along the 
intensity axis, without in the least changing its 
form. 

The curve which in Fig. 7 is drawn through 
the data for 670 m^a represents equation ( 1 ) pre- 
viously used for the cones in Fig. 4. It is ap- 
parent that the equation describes the entire 670 
ni/A data with precision. The same curve has 
been drawn through the cone portions of all the 
other jiarts of the spectrum, even though it slights 
the transition points for the blue and violet. The 
rod portion of all the measurements has the curve 
drawn through it from equation (2) also as in 
Fig. 4. 

The identification of rod and cone function is 
Ixirne out by subjective observation. At low in- 
tensities and below the critical fusion frequency 
the flicker is distinctly located in the peripheral 
portion of this 19° field so that the field resem- 
bles a flickering doughnut, and the last appear- 
ance of flicker is always in the periphery. With 
increasing intensity, the first sign of approach- 
ing cone function is the appearance of color in 
the field, which becomes identifiable with certainty 
about 0.5 log unit below the actual inflection 
point of the measurements. At the intensities 
around the transition, two separate loci of flicker 
are very often apparent near the critical fre- 
quency: one in the periphery, and the other in 
the center. At intensities higher than the transi- 
tion intensity but near it, flicker usually persists 
longest in the center, hut beyond these intensities 
the last trace of flicker may be in any part of the 
field. Obviously the rods determine the low 
intensity section, and the cones the high intensity 
section, hut the specific cones which set the criti- 
cal frequency are not necessarily the same 
throughout the high intensity section. 

VI. 

The main purpose of this paper has been to 
show that the phenomena of flicker furnish a new 
and substantial support for the Duplicity Theory. 
It is hardly necessary to labor this point. We 
propose instead in this closing section to discuss 
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the relation of the quantitative aspects of the 
data to the photoreceptor process previouisly used 
for describing vision (Hecht, 1934) and already 
presented in general form in the preceding f)aper 
on Intensity Discrimination given at this Sympos- 
ium. 

The data are so new, and before their appear- 
ance were so generally unexpected, that as Ilecht 
and Verrijp (1933c) have shown none of the 
older formulations (e.g. Kick, 1863; S. Exner, 
1870; K. Exner, 1870; Troland, 1913; Ives, 
1922; Lasareff, 1926) contribute significantly to 
an understanding of them. In terms of our 
newer knowledge Hecht and Wolf (1932) have 
derived Talbot's law from first principles; and 
Arnold and Winsor (1934) have shown that 
Talbot’s law must involve the entrance of the 
light intensity factor as a first power in the 
equations. Hecht and Verrijp (1933c) have al- 
ready defined the fundamentals for the theoreti- 
cal description of flicker; we shall rely on this 
derivation and give it in a simpler and more 
general form so that its implication for the pres- 
ent data will be easily apparent. 

Assuming the first step in the photoreeptor 
process to be a reversible photochemical reaction 
in which a sensitive substance is changed by the 
light into photoproducts which recombine under 
certain conditions to form the original substance, 
then the velocity of the process as a whole under 
the influence of light is 

(d.r/dO light = ^i/ (n — .v)”" — (3) 

where I is the intensity, a the initial concentra- 
tion of sensitive material, x the concentration of 
photoproducts, and m and n represent the order 
of the photochemical and of the dark, regenerat- 
ing reactions respectively. In the absence of 
light, only the “dark”, regenerating reaction goes, 
and the equation 

— {dx/dt)dKrk = (4) 

gives the rate at which it forms the photosensi- 
tive material. 

In intermittent illumination these two reactions 
alternate rapidly, and at the disappearance of 
flicker, they form a steady state in which what 
has been decomposed during the light period is 
regenerated during the dark period. Since the 
light and dark periods in all our measurements 
are equal, the light and “dark” velocities will be 
equal. Putting equation (3) equal to (4) and 
solving, gives 

KI = x^/(a -x)^ (5) 

where K = 2ki/k2* It is at once apparent that 
equations (1) and (2) whose curves have been 
drawn through the flicker data in Fig. 4 and in 


Fig. 7 are this steady state equation (5) in which 
the critical frequency / has been made propor- 
tional to the concentration x, and m and n have 
been given specific values of 1 or 2. 

Four varieties of equation (5) are shown in 
Fig. 8. The value of n determines the slope of 
the steep limb of the curves, whereas that of m 
controls the curvature of the bend joining the 
steep limb with the horizontal one. 



Fig. 8. The steady state equation (6) plotted 
when m and n are each 1 and 2. Because of the 
log plot the shape of the curves remains constant 
regardless of the values of K and a. 

Examination of the data in Fig. 4 and in I^g. 
7 shows that the rod curve always has twice the 
slope of the cone curve. This determines the 
value of n in the two cases; w = 1 for the rods, 
and « = 2 for the cones. The best curve to fit 
the cone data always has «== 2, and m = 2, as 
was found also for intensity discrimination 
(Hecht, see the preceding paper). The rods, 
however, are somewhat variable with regard to 
the value of m. This is illustrated by Fig. 9 



Fig. 9. The single, individual measurements as 
taken in the course of a nm. For convenience, the 
separate runs (dated to the right) have been spaced 
0.2 log units apart on the vertical axis; the values 
on the ordinate scale refer only to the topmost run 
for each Investigator. The numbers atached to the 
rod curves indicate the values of m and n in equa- 
tion (5) used in drawing them. 
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which contains the individual measurements of 
two of us with the 19® field and with white light. 
Besides showing the adequacy and reproducibil- 
ity of the data, especially in relation to the 
curves, Fig. 9 indicates this systemmatic variabil- 
ity of the rod measurements. Of the six runs, 
the rod data of four are described adequately by 
equation (5) only when m = 2, while the two 
others are better fitted hy m = 1. The rod 
measurements of Hecht and Verrijp (1933^) are 
also better fitted, by far, when m = 1. Fig. 8 
shows that when m =2, n = 1, the curvature is 
more gradual, whereas when m = 1, n = 1, the 
transition between the rising limb and the plateau 
is sharper. Also, the plateau itself continues to 
rise gently in the 2,1 curve, whereas it flattens 
off quite rapidly in the 1,1 curve. 

Whether these differences really represent daily 
variations in the state of the rod photoreceptor 
system, it is hard to say. The consistency with 
which either one or the other type of curve ap- 
pears is, however, impressive for us who have 
watched them for many months. 

The assumption that the critical frequency / is 
proportional to the steady state concentration x 
means very simply for the rods that / is deter- 
mined by the velocity of the dark reaction as 
given by equation (4) since for the rods w = 1 
always. For the cones, however, this assumption, 
at first sight, produces a paradoxical situation. 
The data clearly show that for the cones n = 2, 
so that if f is determined by the ‘"dark” velocity 
it should be proportional to x^. Yet the data 
follow equation (1) only when / is made pro- 
portional to X, 

A simple and realistic way of resolving this 
contradiction is to suppose that the proportion- 
ality of f to X indicates the dependence of the 
critical frequency for the cones not on the dark 
reaction which re-forms the sensitive material, 
but on the secondary dark reaction which follows 
the photochemical one in time and which uses the 
photoproducts to form impulses that leave the 
cell to the nerve. There is no reason to suppose 
that the velocity of this reaction is anything but 
directly proportional to the concentration of 
specifically useful photoproduct rather than to 
its square. 

Summary 

1. In the retina, central areas whose diameter 
is less than 2® possess only cones, while larger 
areas or those more peripherally situated, have 
rods and cones. In conformity with this, the 
relation of critical fusion frequency to intensity 
is a single function for centrally fixated areas 
below 2®, and a double function for similarly 
fixated, larger areas, and for small areas peri- 
pherally fixated. The two sections of such data 


are easily identified with rod activity at low in- 
tensities and with cone activity at high intensities. 

2. The equations describing the rod data are 
the same for all areas whatever their situation, 
differing only in the values of the associated 
dimensional constants which control the location 
of the curves on the coordinate axes. Similarly 
the equations for the cone data are the same for 
all areas and locations; and change of maximal 
frequency with area or location is the expression 
merely of the value of a constant which deter- 
mines the position of the data on the frequency 
axis. Area and location therefore do not in- 
fluence the fundamental nature of the flicker 
relation through each receptor system, but merely 
alter the extraneous constants of the relation. 

3. Judging by the relative spectral sensibilities 
of rods and cones, the positions of the flicker 
functions for rods and cones on the intensity 
scale should separate increasingly as the wave- 
length decreases. Measurements with a centrally 
located test field of 19® diameter confirm this by 
showing that the total intensity range of the com- 
bined flicker functions is smallest in the red, 
and increases steadily toward the blue. The in- 
crease is due entirely to the extent of the low 
intensity, rod section which is practically non- 
existent in the red and largest in the violet. The 
high intensity cone portion for all colors is in 
the same position on the intensity axis, and the 
only effect of decreasing wavelength is to shift 
the rod section to lower intensities without chang- 
ing its shape. 

4. The measurements are faithfully described 
by two similar equations, one for the rods and 
one for the cones, both equations l)eing derived 
from the general stationary state equation already 
used for various visual functions. 
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THE DISCHARGE OF NERVE IMPULSES FROM THE SINGLE VISUAL SENSE CELL 

H. Keffer Hartline 


One of the most important chemical reactions 
in living systems is that initiated in photorecep- 
tive organs by light, for this photochemical activ- 
ity ultimately gives rise to the nerve messages 
which keep the organism informed concerning 
one of the most significant elements of its en- 
vironment. These messages, consisting of im- 
pulses in afferent nerve fibers, originate in the 
visual sense cells, each one of which signals the 
condition of illumination upon it. Upon their in- 
tegration depend all the phenomena of vision. It 
is the purpose of this paper to describe some of 
the features of the activity in the nerve fiber from 
the visual sense cell, and to discuss briefly the 
peripheral mechanism whereby light energy gives 
rise to this activity. 

The development of methods for intercepting 
the afferent messages from single sensory ele- 
ments has yielded a powerful tool for the study of 
the physiology of the sense organs. These meth- 
ods dei)end upon the amplification and oscillo- 
graphic recording of action jxjtentials in the sens- 
ory nerve fibers, combined with j)roccdures for 
limiting the activity to a single fiber. This may 
be accomplished either by cutting all but one of 
the fibers in a sensory nerve between the stimu- 
lated region and the recording electrodes (Adrian 
and Bronk (3); Bronk (8)), or by stimulating 
only one receptor (Adrian and Zotterman (6) ; 
Adrian and Unirath (5); Matthews (21)). Fre- 
quently these two j)rocedures may be combined. 

I 


Thus it is possible to study the response of the 
individual sensory ending, in terms of the im- 
pulses propagated in its attached nerve fiber. 
Such studies have yielded information invaluable 
both in the interpretation of sensory mechanisms 
and in the discussion of the central effects of 
sense organ activity (Adrian (1), (2); Bronk 
(9)). 

Application of these methods to the single 
photoreceptor cell necessitates first of all a suit- 
able preparation, from which the true, unmodified 
sensory discharge may be recorded. Associated 
with the actual photosensitive cells in the eyes of 
most of the higher animals are nervous elements 
such as ganglion cells and synapses; it is impor- 
tant to avoid the complications which these ele- 
ments may introduce. The lateral eye of Limu^ 
lus Polyphemus provides a preparation which 
does this. In this eye the optic nerve fibers come 
directly from the light sensitive retinula cells, and 
it is possible to record the impulses in a single 
fiber in response to illumination of the corres- 
ponding retinula cell (Ilartline and Graham 
(16)). Records from such a preparation are 
shown in Figure 1. The discharge of impulses 
begins, after a short latent period, with an initial 
burst at relatively high frequency; as the sense 
cell becomes adapted to the light, the frequency 
of impulses subsides to a steady level which is 
maintained as long as the light continues to shine. 
This figure also shows the effect of intensity of 






h 



Figure 1. Oscillographic records of the action potentials in a single fiber from the eye of Limulus, 
in response to illumination of its attached sense cell by lights of various intensities. Relative inten- 
sities are given at the left of each record. The time marker beats 1/5 seconds; above Its record is 
the signal marking the period of illumination. 
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stimulating light upon the impulse discharge. The 
higher the intensity, the shorter is the latent per- 
iod and the higher the frequency, both in the ini- 
tial burst and final steady level — in short, the en- 
tire response is accelerated. 

The responses described above constitute the 
typical afferent nerve message from the photore- 
ceptor cell. In all their broader features they are 
also typical of sense organ activity in general, 
particularly of the more slowly adapting sensory 
endings such as pressure and muscle tension re- 
ceptors (Bronk and Stella (10); Matthews 
(21)). This striking uniformity in the behavior 
of sensory end organs of widely different types 
is an indication that the actual excitation of the 
terminal portion of the nerve fiber is accom- 
plished in much the same way in all of them and 
is probably dependent on general properties of 
nervous tissue (Adrian (1)). The excitation of 
the end organ itself, on the other hand, necessi- 
tates a highly specialized mechanism, different for 
each type of adequate stimulus. 

In the case of the visual sense cell, this special 
mechanism is a photocliemical system, whose 
properties have been studied in detail. Hecht 
(18) has successfully related many of the funda- 
mental phenomena of vision to this photochemical 
basis of photorecef)tion. Indeed, of all the pro- 
cesses, from the initial action of light on the re- 
ceptor cell to the final production of nerve im- 
pulses, this is the only one about which there is 
any considerable amount of knowledge. 

It is profitable to extend some of these studies 
to the single visual sense cell. As an example we 
may consider the effect of wavelength of stimu- 
lating light (Graham and Hartline (13)). Light 
of given energy content, but from various parts 
of the spectrum, docs affect the visual sense cell 
from the Limuhis eye differently, depending upon 
the wavelength, but the differences are due entire- 
ly to brightness inequality. If the intensities of 
lights of different wavelengths are adjusted to 
suitable values, the responses will be identical, 
impulse for impulse. The single visual sense cell, 
therefore, cannot distinguish wavelength, but can 
only gauge the brightness of the stimulating light. 
The reciprocals of the intensities necessary to 
produce a given constant response are by defini- 
tion the visibilities at the respective wavelengths ; 
these visibility values form a simple curve (Fig- 
ure 2), symmetrical about a maximum at 510- 
520 nifi and closely similar to the visibility curve 
of the human eye for dim vision. Since the 
amount of photochemical change in any system 
depends upon the absorbed intensity, and since 
constancy of response indicates a constant amount 
of photochemical change in the sense cell, we 
may follow Hecht and Williams (19) in inter- 
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Figure 2. Visibility curve of a single visual 
sense cell from the eye of Limulus. (cf. Graham 
and Hartline (13) ). 

preting the visibility curve as simply the absorb- 
tion spectrum of the photosensitive substance 
primarily responsible for the excitation of the 
sense cell. 

Another example of the photochemical nature 
of the excitation of the visual sen.se cell is to be 
.seen in the relative roles of intensity and dura- 
tion (Hartline (15) ). With short flashe.s of 
light, increased duration of flash decreases the 
latent period of the response, increases the fre- 
quency of impulse discharge, and produces a 
greater total number of impulses. In short, in- 
creased duration affects the response in precisely 
the same manner as does increased intensity. 
Indeed, the reciprocity between intensity and 
duration is complete, at least for short flashes. 
This may be seen in Figure 3, in which the 
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Figure 3. Energy of flash necessary to produce 
a constant response (maximum frequency of 56 
impulses per second), plotted as a function of dura- 
tion of flash (seconds). Unit of energy 3 x 
103 meter candle seconds. Double logarithmic 
plotting. The arrows indicate the time of ap- 
pearance of the Impulses (6th and 10th) which 
determine the maximum frequency. After Hart- 
line (15). 

energy (/•/) necessary to produce a constant 
amount of excitation (maximum frequency = 
56 impulses per sec.) is plotted as a function of 
duration of flash (t). It is seen that the reci- 
procity law holds for the single sense cell for all 
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durations less than, in this case, 0.2 sec. It would 
appear, then, that the primary photochemical 
process is relatively simple, or at least that any 
complicating reactions such as might interfere 
with the exact application of the reciprocity law 
are slow, compared with the durations here in- 
volved. 

In Figure 3 the particular feature of the sen- 
sory discharge which is used to test the reciproc- 
ity law is the maximum frequency attained. Now 
it is to be noted, in Figure 1, that with prolonged 
exposure the frequency in the initial burst of im- 
pulses reaches a maximum in a certain length of 
time, after the onset of illumination. Durations 
of exposure which exceed this time cannot, of 
course, affect this feature of the response. Thus 
the very nature of the response restricts the range 
of durations which logically may be considered in 
reference to any such feature as, say, maximum 
frequency. If, for any reason, this restriction 
is unrecognized or ignored, the reciprocity law 
will appear to fail for all times of exposure which 
exceed a certain critical duration. This, of 
course, is through no failure of the reciprocity 
law for the actual photochemical part of the 
process. 

For exposures which exceed the critical dura- 
tion, only intensity can affect the particular fea- 
ture of the response which is being observed, and 
for constant response the condition 7*^ = const 
wdll be more or less abruptly superseded by the 
condition 7 = const. Indeed, in a less direct 
observation of sense organ activity, such as a 
reflex response or a subjective report, the only 
clue to such a logical restriction might be this 
break in the data. In plotting Figure 3, this 
logical restriction has been ignored, and it is seen 
that the data do, in fact, exhibit a critical dura- 
tion at 0.25 sec. above which the reciprocity law 
is superseded by the relation 7 = const (inclined 
line with slope of unity). In the experiments of 
Figure 3, however, the impulses determining the 
maximum frequency (eighth to tenth) occurred 
at ca 0.5 sec. (indicated on Figure 3 by the ar- 
rows). The break in the data thus occurs at an 
earlier time than the actual appearance of the 
impulses. It is a plausible step to explain this 
observation by assuming that the determination 
of this feature of the response, within the sense 
cell, precedes the actual appearance of the im- 
pulses by an appreciable time. The interval be- 
tween critical duration and time of appearance of 
impulses is presumably occupied by processes 
intervening between the initial photochemical 
activity and the final nerve response. 

Within the range of durations which may be 
considered in the above experiments, the photo- 
sensory process exhibits no significant deviation 


from the reciprocity law. This, however, cannot 
be true over a more extended range of exposure 
times, for Hecht (18) has pointed out that the 
processes underlying the phenomena of dark and 
light adaptation necessarily complicate the simple 
photochemical reaction. The recovery of sensi- 
tivity of a photoreceptor during dark adaptation 
may be ascribed to the reversible, or pseudo re- 
versible nature of the photolysis of the photo- 
sensitive substance. The “back** reaction which 
replenishes this substance out of the products of 
photolysis takes place regardless of the state of 
illumination; it consequently opposes the photo- 
chemical breakdown and, for indefinitely long 
exposures, results in the stationary state, charac- 
teristic of the completely light adapted eye. It 
is obvious that in such a system the reciprocity 
law can only hold for short durations of ex- 
posure. 

The back reaction, serving to replenish the 
supply of photosensitive substance as it is decom- 
posed by light, is a very important feature of the 
visual photochemical system ; its role in the visual 
process has been emphasized by Hecht (18). 
The reduction in sensitivity of the photoreceptor, 
following prolonged exposure to light, and its 
subsequent recovery during dark adaptation are 
readily shown in the single .sense cell of the 
Limulus eye. A test flash of given energy is 
presented at intervals following a period of light 
adaptation, and either the frequency or the total 
number of impulses in the response is taken as a 
measure of the sensitivity of the sense cell. In 



Figure 4. Dark and light adaptation of a single 
visual sense cell from the eye of Umulus. The 
solid circles give the number of impulses (ordin- 
ates) discharged in response to a constant test 
flash at various times (absicissae) after the eye 
has been returned to darkness, following 20 min- 
utes of illumination. The open circles give the 
number of Impulses obtainable immediately after 
periods of illumination of various durations (ab- 
scissae). See text. 

Figure 4, is given a curve (solid) showing how 
the total number of impulses in response to a 
test flash gradually increases as dark adaptation 



248 


H. Keffer Hartline 


progresses. This curve was obtained following 
complete light adaptation (exposure of 20 min- 
utes) at a given intensity. If the light adapta- 
tion is incomplete, only an upper portion of the 
curve is obtained, and by extrapolating back to 
the instant the adapting light was turned out, a 
measure of light adaptation is obtoined. The 
course of light adaptation may thus be followed; 
the ‘"dashed” curve of Figure 4 is an example. 
In this case the ordinates are numbers of im- 
pulses in the response obtainable at the instant 
the adapting light is turned off, and the abscissae 
are the durations of exposure of the adapting 
light. This experiment shows unmistakably the 
general trend of both dark and light ada])tatiun. 

The photochemical part of the mechanism of 
photoreception is comparatively well understood. 
Little, however, is known of the processes which 
follow as a result of the initial photochemical 
activity, and which eventually end in the produc- 
tion of nerve impulses. The very fact that an 
interval of time exists between the onset of 
illumination and the appearance of the respon.se 
is of significance, and tlie marked de]3cndence of 
this latent period upon intensity has led Hecht to 
postulate, as the second step in the chain of 
events, a reaction catalysed by the products of 
photolysis. 

Attention has already been called to the inter- 
val between the critical duration for a given fea- 
ture of the response and the final aj)})earance of 
the impulses, and it has been pointed out that 
this interval is undoubtedly occupied by pn^cesses 
intervening between the initial photocliemical re- 
action and the final resj)onse. A study of various 
features of the re.sponse, with reference to this 
interval and to the critical duration, and an in- 
vestigation of the effects upon them of such 
factors as inlensit}-, dark adaptation, temperature, 
et cetera, will doubtless greatly increase an 
understanding of these intermediate processes. 

In connection with the final step in the process 
of sense cell activity — the actual initiation of the 
nerve impuLscs — it is of interest to consider one 
of the striking objective phenomena associated 
with the excitation of i)hotorecej)tors, 'fhis is the 
retinal action potential, a large, relatively slow 
change in potential which can be detected in any 
of the higher animals, upon illumination of the 
eye. It has l)€en extensively studied (cf. Kohl- 
rausch (20) ), and is certainly intimately con- 
nected with the process of photoreception. Of 
particular significance in the present discussion 
is the direction of this potential change with 
respect to the orientation of the sense cells. In 
general it may be said that, regardless of the 
structure of the retina in various types of eyes, 
the major part of the retinal potential is in such 


direction that the free, distal ends of the sensory 
elements become negative with respect to the 
layer of the retina containing the nerve fibers. 
The local currents thus set up, surrounding the 
sense cells and their nerve fibers, are in the same 
direction as the local currents associated with the 
nerve impulse which, according to the Bernstein- 
Lillie theory of nerve activity, are so important 
in its propagation. The local action currents 
arising in the visual sen.se cell are thus in the 
right direction for initiating impulses in its 
attached nerve fiber. The hypothesis which this 
observation suggests then, is that the photochem- 
ical action of light ultimately results in a de- 
p(3larization of the sense cell which is recorded as 
the retinal action ])otential, and which gives rise 
to local currents directly responsible for the 
production of nerve impulses in a manner entirely 
in keeping with present day views as to the nature 
of the nerve imimlse. This hypothesis is of 
general applicability; it was brought forward by 
Adrian and Buytendijk (4) in their study of the 
potentials observed in the brain of the gold fish, 
and has been discussed by Davis, Derbyshire, 
Lurie and Saul (11) in connection with cochlear 
and auditory nerve potentials. 

Attractive as this interpretation of the role of 
the retinal potential may i)e, it cannot escape 
certain objections. In the first place, there is 
some question as to whether the retinal i)otential 
originates in the .sense cells thein.selves in certain 
of the eyes which have been studied. Thus the 
nervous layer in the vertebrate retina, and the 
large optic ganglion in the insect e>e may contri- 
bute largely to the observed potentials. These 
cases would be more analogous to the brain 
potentials of the gold fish, as has been pointed out 
by Adrian and Buytendijk. There are, however, 
at least two cases in wdiich this criticism cannot 
be brouglit to bear. In the cephalopod eye the 
ganglion is a separate structure, and there is little 
el.se than sensory cells and nerve fibers which 
could give rise to action potentials (Beck, (7); 
Piper, (22); Frohlich, (12) ; cf. Kohlrausch, 
(20) ). The eye of Limuhis is totally lacking 
in ganglion cells (Grenacher (14) ); it is pos- 
sible, moreover, since the eye is coarsely facetted, 
to isolate a single one of the ornmatidia, contain- 
ing alxiut 12 to 16 sense cells, and obtain retinal 
potentials from it (unpublished experiments). 
The slighest injury to the sense cells, as that 
caused by inserting the point of a fine needle into 
the structure, is generally sufficient to obliterate 
all trace of the retinal potential. 

This preparation of a single ommatidium from 
the eye of Limulus is well suited for comparing 
the retinal potential from a few elements with 
the discharge of impulses in a nerve fiber from 
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one of them, for the delicate bundle of nerve 
fibers, several tenths of a millimeter long, from 
the sense cells of an isolated ommatidium may be 
dissected out with the rest of the structure. The 
retinal potential of the unit is recorded from 
leads to the cornea and to the back of the omnia- 
tidium; by including the nerve bundle in the 
circuit, nerve impulses, frequently in a single one 
of the fibers, may be recorded superimposed on 
the retinal potential. 

Such a record is shown in Figure 5. It is seen 
that as the l>ase-line rises, in the slow retinal 
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Figure 5. Action potentials from an isolated ommatidium (12 to 16 sense cells) from the eye of 
Limulus. Leads from the attached piece of cornea to the cut end of the bundle of nerve fibers 
emerging from the back of the ommatidium. The slow rise is the retinal action potential; the spikes 
are action potentials due to impulses in the nerve bundle, which has been cut down so that only one 
fiber is active. (The variations in size of the spike potentials are due to failure of the nerve at high 
frequency and with prolonged activity; cf. Hartline and Graham, (16) ). The time marker beats 1/6 
seconds, above its record is the signal marking the period of illumination. 


potential, the frequency of nerve impulses in- 
creases, and has its maximum value approximate- 
ly at the top of the retinal potential maximum, 
falling again to a lower value as the retinal 
potential subsides. In the light of the hypothesis 
we are considering, this is due to a ])rogressivc 
rise and fall in tlie depolarization of the sense 
cell (cf. Adrian and Buytendijk (4) ). 

While it is true that in general the optic nerve 
discharge parallels the retinal potential (Kohl- 
rausch (20) ) a closer analysis of records such 
as represented in Figure 4 shows clear-cut dis- 
crepancies. For example, a comparison at a given 
level of potential of the impulse frequencies on 
the ascending and descending limbs of the retinal 
potential may show considerable differences, al- 
though the amount of depolarization of the sense 
cell, as indicated by the level of the retinal 
potential, is the same. Particularly noticeable is 
the absence, in the retinal potential, of anything 
corresponding to the marked dip in frequency 
following the initial burst of impulses (Figure 
1), a feature typical of the sensory discharge 
(“silent period”, Hartline and Graham (16) ). 
Moreover, under different conditions of light 
adaptation the relation between retinal potential 
and impulse frequency may vary considerably. 
The difficulties raised by these observations may 
be by no means insurmountable, but at present 
it must remain an open question whether the 
retinal potential is but one of the by-products of 
photoreceptor activity, or whether it stands in a 
direct causal relation to the impulses in the sen- 
sory nerve fiber. 
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Discussion 

Dr. Wald: In what way do the responses in 
single optic nerve fibers from the vertebrate eye 
differ from tliose in Limulus? 

Dr. Hartline ; Responses in single optic nerve 
fibers dissected from the anterior surface of the 
frog's retina differ from the Limulus responses 
principally in the diversity of their behavior. All 
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the single fiber preparations from the Limulus 
eye show responses which are essentially the same 
as those figured here. In the frog eye, however, 
quite different responses are obtained, even in 
fibers from closely adjacent regions of the same 
retina. Certain of the fibers show an impulse 
discharge closely similar to that found in Limu- 
lus; in the majority of them, however, it is quite 
different. Thus the initial burst of impulses may 
be completely absent, the discharge building up 
slowly to its steady value. Other fibers show only 
a short burst of impulses at the onset of illumina- 
tion and no maintained discharge. Both of these 
types of fibers may give a burst of impulses when 
the light g(XJS off. Finally, there is a group of 
fibers which show no activity whatever during il- 
lumination, but which give a vigorous burst of 
impulses in response to its cessation. This latter 
type of discharge may subside quite slowly, but is 
at once suppressed if the light is turned on again, 
to reappear as soon as the light goes off. 

Dr. Wald : Upon what evidence are such dif- 
ferences ascribed to lateral interaction among the 
receptor elements or their afferent connections in 
the vertebrate retina? 

Dr. Hartline: The very diversity of response 
among the fibers from the frog retina is indica- 
tion that we are not dealing with pure sensory 
activity, but that the nervous elements of the re- 
tina have introduced additional complexity. That 
adjacent pathways can influence each other to a 
certain extent is indicated by preparations con- 
taining several fibers of the last type referred to 
above. Following prolonged and intense illumin- 
ation, such fibers may give an off effect which is 
much prolonged, and which subsides very slowly. 
It is frequently the case that under such condi- 
tions the discharge breaks up into rhythmic bursts 
of impulses, and when this happens it can be 
seen quite clearly tliat the bursts of impulses in 
the several individual fillers are synchronous. 
Direct evidence, from experiments on single 


fibers, of interaction of the type described by 
Adrian and Matthews is still lacking. In the 
Limulus eye, which lacks anatomical interconnec- 
tions, Graham has shown tliat the discharge of 
impulses from a given sensory cell is not affected 
by the activity of adjacent receptor elements. This 
^me experiment should be performed on single 
fibers of the vertebrate retina, as an extension of 
Adrian and Matthew’s original investigations. 

Dr. Hecht: I notice that you have not said 
anything about the differences in the visibility 
curves of different sense cells. 

Dr. Hartline: The visibility curves of differ- 
ent visual sense cells of the Limulus eye agree in 
their general features, but do show small though 
probably significant differences. These differences 
may amount to 0.9 log units at the extremes of 
the spectrum, even in cells from the same eye. 
The reproducibility of the determination of visi- 
bility is always better than 0.2 log units. The 
cause of these differences is not known, but their 
presence results in a differential sensitivity to 
wavelength among the receptor cells of the Lim- 
ulus e\'e, which may l)e considered a peripheral 
mechanism for color vision. 

Dr. Castle: What are the time relatic^ns I>e- 
tween the beginning of the retiiml potetitial and 
the appearance of the first nerve impulse? 

Dr. Hartline: In those experiments on iso- 
lated ommatidia where there is no spontaneous 
discharge of impuLses, the retinal })otential always 
begins before the first imj)ulse appears. 

Dr. Castle: Is it possible to obtain retinal po- 
tentials at intensities which are behjw the thresh- 
old for impulses? 

Dr. Hartline : On the contrary, the retinal po- 
tential always disappears, or at least becomes so 
small that it cannot be recognized above the level 
of amplifier noise and small spontaneous Ixise- 
line drift, at intensities which can still produce a 
fair number of nerve impulses. 
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Biological photoprocesses appear to be uni- 
versally associated with the presence of caro- 
tenoids. The significance of this relation has not 
heretofore been demonstrated in a single instance. 
The association itself has been revealed repeatedly 
in the photosynthetic systems of purple bacteria 
(Schneider, 1930), algae, and higher plants 
(Palmer, 1922); the eyes of various Crustacea 
(Lwoff, 1927) ; the all-cone retinas of certain 
birds and reptiles, and the mixed retinas of frogs 
(Capranica, 1877; Kiihne, 1878). 

Recently the retinas and pigmented layers of 
the eyes of frogs and several mammals have been 
shown to contain large quantities of the caro- 
tenoid, vitamin A (Wald, 1933). This is pecul- 
iarly significant in view of the functional relation 
which exists between vitamin A and vision. 
Animals deprived of the vitamin — or its caro- 
tenoid precursors, the carotenes and kryptoxan- 
thin — become night-blind: when they are trans- 
ferred from bright to dim light, their retinas fail 
to increase in sensitivity, or do so abnormally 
slowly. Figure 1 shows the slow and incomplete 



Figure 1. Closed cireleo: The dark ad^tation of 
a hospital patient after 44 days without food. Opti- 
mal color discrimination and visual acuity-cone 
functions — ^were normal. Open drdea: Dark adapt- 
ation of the same person 14 days after feeding had 
been resumed and weight was again normal. (After 
Kravkov and Semenovskaja, 1934). 

dark adaptation of a starved human subject, com- 
pared with the same person's adaptation after he 
had again attained normal weight (Kravkov and 
Semenovskaja, 1934). Friderioia and Holm 
(1925) and Tansley (1931) have demonstrated 
by the direct analysis of rat retinas that this ab- 
normality is due to failure to synthesize visual 


purple. The present paper discusses the mechan- 
ism of this relation. 

The retinas of dark adapted frogs may be ex- 
tracted thoroughly in the dark with benzine 
without injuring their visual purple content. The 
benzine extracts are colorless, and contain a very 
small quantity of vitamin A, detected !)y the ab- 
sorption band at about 61 S ni^i which this sub- 
stance yields when treated with antimony trich- 
loride. The same retinas may be extracted sub- 
sequently with chloroform, a reagent which 
quickly destroys visual purple. The chloroform 
extracts are greenish yellow in color, and contain 
large quantities of the carotenoid, retinene, dis- 
tinguished in the antimony trichloride reaction by 
an absorption band at about 660 nifi (Wald, 
1934). The results of a typical experiment are 
shown in Figure 2.^ 



Figure 2. Absorption spectra of the antimony 
trichloride reaction with a benzine extract of dark 
adapted bull-frog retinas (lower curve) and with 
a subsequent chloroform extract of the same re- 
tinas (upper curve). The benzine extract contained 
vitamin A alone, the chloroform extract retinene 
and an additional trace of the vitamin. 

Retinene is readily soluble in benzine after ex- 
traction from the retina, yet can not be extracted 
so long as the visual purple remains intact. Its 
liberation on destruction of the latter pigment 
suggests that in the dark adapted retina it is 
bound within the visual purple complex. 

Retinas from frogs which have been exposed 
to bright daylight for one-half hour or longer are 
colorless, and yield colorless extracts which con- 
tain no retinene. Their vitamin A content, how- 

iThe spectra shown in Figures 2 to 4 were measured 
with a recording photoelectric spectrophotometer 
developed by Professor A. 0. Hardy at the Color 
Measurements Laboratory of the Massachusetts In- 
stitute of Technology. The curves were drawn by 
the instrument itself, and have merely been mount- 
ed and photographed. 
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ever, has risen from the trace present in the dark 
adapted retina to alxjut 0.25y per eye (R. pipiens 
or esrulenta). Experiments with isolated retinas 
reveal the mechanism of these changes. 

Isolated dark adapted retinas exposed to bright 
light turn quickly to a bright orange color (visual 
yellow). In this condition they yield their full 
content of both vitamin A and retinene to benzine. 
The bleaching of visual purple by light therefore 
liberates retinene, just as does its destruction by 
chemical means. 

Isolated retinas, extracted immediately after 
bleaching, yield about the same quantities of 
vitamin A and retinene as do dark adapted re- 
tinas. If, however, bleached retinas are left at 
room temperature, the visual yellow fades and 
within about an hour has vanished. Extracts of 
wholly faded retinas are colorless, and contain no 
retinene. They do contain a large quantity of 
newly arisen vitamin A (Figure 3). Extracts of 
partly faded retinas contain intennediate quanti- 
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Figure 3. Spectra of the antimony trichloride 
reaction with chloroform extracts of dark adapted 
bull-frog retinas (upper series), and of isolated re- 
tinas from the same animals which had been 
bleached and allowed to fade for about an hour in 
the light at room temperature before extraction 
(lower series). In each series the spectra were 
recorded at successive intervals after mixing a 
sample of extract with antimony trichloride, emd 
follow for about 15 minutes the fading of the blue 
color produced m this reaction. The dark adapted 
retinas yield a large quantity of retinene and little 
vitamin A, the bleached and faded retinas the re- 
verse. 


ties of both carotenoids. The fading process 
converts the retinene liberated by light into the 
vitamin A found in light adapted retinavS. 

The fading of bleaclied retinas is an ordinary 
thermal reaction. It occurs in darkness with 
about the same velocity as in the light (Figure 
4). It is delayed for hours, even in bright sun- 
light, by cooling the retinas to 0®C. 



Figure 4. Spectra of the antimony trichloride 
reaction with extracts of isolated paired bull-frog 
retinas which had been replaced in the dark im- 
mediately after bleaching for 20 seconds in bright 
daylight, (a) Extracted after 2 minutes in the 
dark; (b) extracted after 69 minutes in the dark. 
20* C. Retinene is converted to viteunin A in the 
dark about as quickly as in the light. 

Isolated bleached retinas, returned to the dark, 
in addition to fading regenerate some visual pur- 
ple. The bleaching of visual purple to yellow is 
therefore a spontaneously*' reversible process. 

The colorless products of fading do not regen- 
erate visual purple exce])t in the intact eye. This 
is the usual dark adaptation process ; in it visual 
purple and hound retinene — which 1 believe to 
be identical — ^are formed as free vitamin A is 
removed. The latter substance appears therefore 
to be the precursor of the former. That vitamin 
A is the visual purple precursor is further dem- 
onstrated by (a) the absence of all other caro- 
tenoids from the light adapted retina; since 
higher animals apparently cannot synthesize caro- 
tenoids de novo, and vitamin A is a product of 
visual purple decomposition, it must be its own 
ultimate precursor; and (b) the failure of visual 
purple synthesis (night-blindness) in animals de- 
prived of the vitamin. The visual processes 
therefore constitute a cycle. 

Except for the synthesis of visual purple from 
vitamin A, the isolated retina appears to repro- 
duce faithfully the processes which occur in the 
intact eye. In both cases the initial product of 
bleaching is visual yellow (Ewald and Kuhne» 
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1878, III, p. 395; Holm, 1923). In continuous 
illumination both situations end in colorless re- 
tinas which contain vitamin A alone. However, 
isolated retinas which have been bleached and 
entirely faded contain 2 to 4 times as much 
vitamin A as those which are light-adapted in the 
animal. The essential difference between these 
situations is that in the isolated retina vitamin A 
is formed irreversibly; while in the intact eye it 
appears as imrt of a continuous cycle within 
which it is formed and re-formed repeatedly dur- 
ing light adaptation. It must be assumed tliat 
some vitamin A is lost in this prcx:ess. This 
accounts for the dependance of the visual purple 
system upon a continuous supply of vitamin A 
in the diet. 

The chemical behavior of visual purple (Ewald 
and Kiihne, 1878, IV) is typical of a well-defined 
group of animal and plant pigments, the caro- 
tenoid-proteins. These, like visual purple, are 
all non-dialysable and may be salted from aqueous 
solution. They are destroyed by warming, min- 
eral acids and alkalies, acetone and alcohols. 
Treatment with any of these agents liberates the 
carotenoid, whose color replaces that of the com- 
plex (Verne, 1926, p. 27). This is precisely the 
relation between visual purple and retinene. 
Visual purple behaves as a conjugated protein in 
which retinene is the prosthetic group. 

The visual cycle in the frog appears therefore 
to possess the following components : Visual 
purple is dissociated by light into retinene plus 
protein (visual yellow). The retinene is re- 
moved by thermal processes in two directions: 
(a) reversion to visual purple; and (b) decom- 
position to vitamin A. In the intact eye vitamin 
A is resynthesized to visual pur);)le, completing 
the cycle. 

I liave had little opportunity as yet to test 
by comparative studies the generality of this solu- 
tion.. The presence of vitamin A in the retinas 
of pigs, sheep and cattle (Wald, 1933) is signi- 
ficant, since mammalian visual purple is spectro- 
scopically identical with that of frogs (Kottgen 
and Abelsdorff, 1896). The isolated retinas of 
cattle, kept dark after slaughtering, have been 
examined directly and after Weaching and fading 
— ^processes which follow the same course as in 
the frog. Those examined before bleaching 
contain a small amount of benzine-extractable 
vitamin A and large quantities of chlorofonn- 
extractable retinene. Bleached and faded retinas 
contain a large amount of vitamin A alone. The 
visual purple system of cattle is thus chemically 
indistinguiwshable from that of frogs. 

Kottgen and Abelsdorff (1896) showed the 
visual purple of fishes to Ije unique in possessing 
an absorption maximum at about 540 m^t, while 
that of mammals, birds and frogs is at about 


500 m^. Nevertheless, I have found the retinas 
of the common sea robin {Prionotus carolinus 
{Lin.) ) to exhibit properties in bleaching and 
fading similar to those of the frog, and vitamin 
A and retinene occupying the same positions in 
the visual system. 

The all-cone retina of a turtle, Clemmys in- 
sculpta, has also l>een examined. This offers an 
interesting problem, in that nothing whatever is 
known at present concerning the chemistry of 
cone vision. It is significant that in mammalian 
night blindness due to vitamin A deficiency, the 
cone function remains relatively unimpaired. The 
characteristic oil droplets of the turtle retina are 
colored with large quantities of other carotenoids, 
but not a trace of vitamin A could be found in 
this retina. Cone vision is apparently indepen- 
dent of this vitamin. Yet the frequent association 
of cones w'ith other carotenoids suggests the pos- 
sibility of some basically similar functional rela- 
tionship. 

It may be concluded that, like other biological 
photoprocesses, those occurring in the retinal rods 
are associated with carotenoi(ls — in this case vi- 
tamin A and retinene. The vitamin is a simple, 
though unique, chemical component of the visual 
cycle. 
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Discussion 

Dr. Mestre : What is the relation between the 
reactions which you have described and Hccht's 
photoreceptor equations ? 

Dr. Wald : Hecht's equations describe the var- 
iations in certain visual properties as functions 
of the concentration of a hyi)othetical photosen- 
sitive substance, S. In the case of the rods, this 
substance may be identified with visual purple. 
Hecht has found the bleaching of visual purple 
to yellow in solution to behave as a simple, first- 
order photoprocess; and the restitution of the 
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visual pigment in vivo, measured indirectly in 
dark adaptation experiments, to follow the course 
of a second-order reaction. Certain general con- 
siderations, added to this information, have led 
him to express the photoreceptor system of the 
rods in the equations: 

iiebt 

S ^ P + A + B 

“dark** 

S . P + A + C, 

in which B is a comiX)nent removed from the 
retina very rapidly, and to which the excitation is 
due; and C is some continuously available addi- 
tion to the system. 

Obviously these equations are simpler than the 
chemical system which 1 have described. This 
follows from their origins, into which reactions 
in which retinene participated probably did not 
enter significantly. Nevertheless, one may, with- 
out violence to either analysis, substitute for 
Hecht’s equations: 

light 

visual purple — vitamin A -}- protein 
+ vitamin A derivatives 

“dark** 

visual purple < vitamin A -f protein 

-f" new vitamin A, 

in which the term, 'Vitamin A derivatives'*, rep- 
resents the loss of vitamin A in light adaptation. 
A comparison of both sets of equations suggests 
that this term may represent the stimulating ma- 
terial. 

Dr, Brackett: Wald's postulation of an im- 
mediate dissociation of a carotinoid structure 
from a protein through the mechanism of light 
absorption is very interesting in view of certain 
broad physical considerations. One finds that the 
shorter the wavelength or the higher the energy 
of the quantum, the smaller the element of mech- 
anism afTected in absoi-ption. Thus in the visible 
and ultraviolet an electron is generally changed 
in energy with respect to the general configura- 
tion. If this electronic energy is transformed 
into vibrational energy, a small element, that is a 
light atom or radical, is most likely to be affected. 
Consequently the dissociation of two large radi- 
cals would seem unlikely unless the immediate 
electronic mechanism of binding is directly af- 
fected in the absorption of energy. Is there any 
evidence that this is the case? 

Dr, Wald : The specific absorption of retinene 
is in the ultraviolet; its spectrum shows a first 
small inflection at about 405 m/A. The visual pur- 
ple maximum is at al)Out 500 mfx. This large 
change in spectrum mu.st be due to the optical 
properties of the retinene-protein bond itself. The 
region of the bond is thus the locus of light ab- 
sorption. Little or no internal redistribution of 


the absorbed energy is therefore required to make 
it available for dissociation of the molecule at 
this point. Indeed, the dissociation may occur 
simultaneously with the act of absorption. The 
photolysis of visual purple thus appears to be a 
simple, primary process. This conclusion is con- 
sistent with Hecht's analysis of the bleaching of 
visual purple in solution. 

Dr. Davenport: One thing troubled me when 
you were demonstrating the very close relation 
between vitamin A and night blindness. Do you 
think the association is as 100 per cent complete 
as you suggest, or is the relation more compli- 
cated? Despite the fact that night blindness is 
rather rare, families which have been studied, 
especially in Europe, show six, eight or ten gen- 
erations affected with scores of night blinded in- 
dividuals in the family. It has been believed tliat 
a genetic factor is responsible, in part, for the re- 
sult. May we think that in such families the 
threshold of the amount of vitamin A that is 
necessary is very much higher than in the ordin- 
ary run of people? 

Dr. Wald : Night blindness resulting from 
vitamin A deficiency is clearly distinguished from 
the hereditary type. The former is highly vari- 
able in the diseased individual, due to its depend- 
ance on the diet; it does not appear to be corre- 
lated in any way with the genetic constitution ; it 
is never complete except in later stages, when it 
is accompanied by profound degenerative changes 
in the eye and other organs; it is only one, per- 
haps the first, of a large complex of symptoms as- 
sociated with avitamino.sis-A. The hereditary 
fonn of night blindness, however, consists in the 
total suppression of rod function in an otherwi.se 
normal individual. It is stationary throughout 
life, and responds to no known treatment. Its 
mechanism is unknown. There is no reason to 
believe it correlated in any way with the vitamin 
A metabolism. 

Dr. Moyer: Might not one immunize some 
animal to visual purple and so possibly produce 
antilx)dies to vitamin A and retinene when these 
are injected alone (so-called hapten reactions) ? 
This should demonstrate conclusively the linkage 
of these carotenoids to protein in the visual pig- 
ment. 

Dr, Wald: This experiment has been urged 
on me repeatedly by Dr. Gregory Pincus, but we 
liave not yet tried it. 

Dr. Chase : Have you worked with visual pur- 
ple solutions, to determine whether retinene and 
vitamin A can be obtained from them ? 

Dr, Wald : I have prepared digitonin extracts 
of dark adapted frog retinas. These yield at most 
a faint trace of vitamin A to benzine. After 
bleaching, they yield a large quantity of retinene 
to any of the common organic solvents. I have 
not observed any appreciable conversion of reti- 
nene to vitamin A in such solutions. 
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I 

For the experimental analysis of the functions 
of the compound eye of Arthropods a particular 
method has been used which so far has given us 
information about visual acuity, intensity dis- 
crimination, critical flicker frequency and dark 
adaptation in different Arthropods. This method 
of investigation is based upon a forced reaction 
of these animals to moving stripe systems. Hecht 
and Wolf ( 1928-29) used it for the first time in 
a study of the visual acuity of the honey bee. If 
a bee is placed on an inclined surface which is il- 
luminated from below it tends to creep straight 
upward. If now a system of black stripes with 
equally wide translucent spaces in between, is 
moved sidewise underneath the bee’s creeping 
surface, the bee is by the slightest motion of the 
stripe system thrown off its regular course and 
creeps against the motion of the striped pattern. 
This reaction occurs with great precision every 
time when the stripes are shifted and thus can be 
used as a reliable indicator of the bee’s visual 
capacity. 

The size of the stripes can be varied and the 
threshold intensity of light determined at which 
the bee will give the first noticeable response. We 
therefore are able to relate, in the usual terms, 
visual acuity to the intensity of illumination, and 
give by means of a curve a picture of the resolv- 
ing power of the bee’s eye (Hecht and Wolf 
1928-29). If we intended to plot a visual acuity 
curve for the human eye and for the bee's eye on 
the same scale, we would hardly succeed, since 
the l>ee’s visual acuity is about 100 times worse 
than the human acuity. The same method of test 
has been used later on by Hecht and Wald (1933- 
34) for a study on the visual acuity of Droso- 
phila, and by Clark (1932) for the fiddler crab. 

If we use instead of a pattern made up of 
black and translucent stripes a system of stripes 
different in brightness, i.e. one set of stripes 
having a brightness I and the other a brightness 
of / -f A/ we can by adjusting I determine the 
necessary increase Al to produce a threshold re- 
action in an insect. For the bee and for Droso- 
phila intensity discrimination has thus been de- 
termined (Wolf, 1932-33 a, b; Hecht and Wald, 
1933-34). The results show that the bee’s in- 
tensity discrimination is 1/25, and that of Droso- 
phila about 1/150, of the human. 

When studying critical flicker frequencies in 
relation to illumination it is necessary to move a 
striped pattern underneath the bee’s creeping 
plane at a certain constant speed so that by the 
number of stripes passing by per second a certain 
flicker frequency is obtained. At low frequencies 


the light intensity for threshold reaction is low; 
as the flicker frequency is increased the illumina- 
tion must be increavSed. The maximum flicker 
frequency which can be perceived by the bee’s eye 
is about 55 per second (Wolf, 1933-34). Salzle 
(1932) found by a slightly different method for 
the larvae of Dragon flies {Aeschna) a maximum 
value of about 60 flickers per second. The values 
for the bee and the Dragon fly compare very 
favorably with the human eye, for which the 
maximum flicker frequency varies l^etween 45 and 
53 flickers per second (Hecht, Shlaer and Ver- 
rijp, 1933-34). It certainly is noteworthy that in 
regard to visual acuity and intensity discrimina- 
tion the eyes of the arthropods investigated are 
far behind the human. The number of single 
impressions, however, which can be perceived 
per second is just as great as for man. 

For a study of dark adaptation of an insect’s 
eye the method mentioned did not seem very suc- 
cessful. During dark adaptation it is essential 
that determinations of threshold intensities for 
response are made rather rapidly. The time re- 
quired for a l>ee to creep up an inclined surface 
and the time necessary for the observer to move 
the stripe system back and forth, and to deter- 
mine the threshold amount of light for reaction, 
unbalances the state of adaptation so much that 
no accurate readings can be obtained. The meth- 
od of test has therefore to be altered slightly. A 
bee is tied into a glass tube with its head sticking 
through a thin rubber membrane. If a stripe 
.system is now moved in front of it a reaction of 
the antennae can be noticed. The antennae might 
be quiet or moving; as soon as the stripes are 
shifted to the right the antennae at once take a 
definite almost rigid position. The left antenna 
points at an angle of 90° to the axis of the bee’s 
body while the right antenna is extended straight 
forward. The two thus include an angle of 90°. 
As soon as the motion of the pattern is reversed, 
the antennae take the reverse position. The reac- 
tion occurs with certainty, and each time with the 
reversal of motion of the pattern. By determin- 
ing threshold light intensities for this reaction at 
different intervals in darkness a curve describing 
the course of adaptation can be obtained for the 
bee’s eye (Wolf, 1935-36). 

From all our experimental results one fact is 
evident, namely that the single receptor element, 
or groups of receptors, in the bee’s eye must un- 
dergo a sudden differential change of excitation 
to obtain a response from an animal. By the shift 
of the pattern in front of the bee’s eye a certain 
number of elements will experience a transition 
from light to dark and from dark to light. We 
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may assume that the thresholds for excitation of 
the ommatidia of the eye are distributed at ran- 
dom over the whole surface. At low intensities 
the elements which will be stimulated lie far apart 
from each other. The higher the intensities the 
smaller the distance between functioning ele- 
ments. Keeping this in mind we have no difficul- 
ties in understanding the relationships between 
light intensity and the different visual functions. 

II 

Without doubt the visual capacity of the bee’s 
eye seems very low as compared with the human 
eye. Only in regard to flicker is its sensitivity 
as high as in man. We therefore are justified in 
assuming that flicker must play a very important 
role in the bee’s vision. This is most apparent in 
some experiments based upon the bee’s positive 
phototropic response which were carried on in a 
dark room. 

Two holes of equal size are cut into a vertical 
wall. Into them opal glass plates are fitted which 
are illuminated from behind. One field is illumi- 
nated constantly, whereas the other is flickering 
at low frequency. Bees which are set free on a 
horizontal surface some distance away from the 
two fields will with great certainty migrate to 
the flickering field, paying almost no attention to 
the steady field, even if its brightness is increased 
considerably. The flickering field has a greater 
stimulating effect than the steady field. 

For quantitative studies we arranged a series 
of five flickering fields of the same size and 
brightness in one row, to which the bees were al- 
lowed to migrate from a starting point 170 cm. 
from the fields. In front of the light sources il- 
luminating each field there are sector discs which 
give a ratio of flicker frequencies of 1 :2 :3 :4 :5. 
These are driven by a chain and gear system to 
keep the flicker ratios the same. If we allow a 
great many bees to migrate to these fields we find 
that the numbers of bees “seeking” the different 
fields are proportional to the flicker frequencies. 

When using the same set up mounted in a box 
outside, and using the side which bears the five 
openings as top, we can cover the surface with 
a glass plate and condition the bees to collect a 
sugar solution which is evenly spread over the 
glass on top of this “table”. While the bees are 
fed the 5 fields arc covered to make the surface 
look uniform. Bees will willingly return to the 
experimental arrangement even when they are 
being brushed off the glass and when the food is 
being removed. If now the 5 flickering fields are 
shown, the bees spontaneously settle down above 
the flickering fields. Repeating this test many 
times one can plot the number of choices among 
the five fields against their flicker frequencies. 
Exactly as in the dark room experiment, the 


number of choices is directly proportional to the 
flicker frequencies (Wolf, 1933). 

Since the bees’ reaction to flickering fields of 
the same area depends upon flicker frequency, it 
is of interest to see how bees react to steady and 
flickering fields of different areas. 

Into a vertical wooden plate, which serves as 
one wall of a triangular cage, two openings 37 x 
37 cm. are cut. Into each opening opal glass 
plates are fitted which are illuminated from be- 
hind by two 500 watt bulbs. The intensities of 
light falling onto the opal plates can be controlled 
by diaphragms which are placed in front of the 
two sources. From the apex of the triangular 
cage bees are allowed to migrate toward the two 
illuminated squares. If the intensities of both 
fields are equal, in a great number of trials equal 
numbers of bees will go to either field. Each bee 
is set free singly and takes a course which is the 
bisecting line between the two fields. As soon 
as the animal has almost reached the front wall, 
random motions occur and the chances are equal 
that the animal turns to the right or to the left. 
If we now reduce the area of one of the fields to 
1/2, 1/4, 1/8, or 1/16, more and more bees mi- 
grate to the larger field. Since the brightnesses 
of both fields are equal we may assume that the 
response to the larger field is due to the greater 
number of elements stimulated, and hence the 
greater total frequency of retinal responses. How- 
ever, Hartline and Graham (1932) have shown 
that the total frequency of optic nerve discharges 
in Limulus also increases with intensity. It there- 
fore seemed possible to equalize the stimulating 
effect of the two different areas by decreasing the 
intensity of the larger area, until the total fre- 
quency of responses from both areas is equal. In 
order to test this point we decreased the bright- 
ness of the larger field step by step until we ob- 
tained, in a considerable number of tests, equal 
numbers of bees going to both fields. When this 
is the case the product of area times intensity is 
identical for both fields (Table I). 

Since the larger area stimulates a greater num- 
ber of receptor elements weakly, while the 
smaller area stimulates a smaller number more 
strongly, due to the respective brightnesses, we 
must assume that it is irrelevant for the processes 
which control the coordination of motion whether 
weak impulses travel from a greater number of 
receptor elements over a greater number of nerve 
fibers, or whether a smaller number of stronger 
impulses pass over fewer pathways. 

If we present to l>ees, instead of stationary 
fields, two flickering fields of which one is flicker- 
ing at a constant frequency and the othet* at an 
integral multiple of this frequency, can these two 
fields be balanced in their stimulating effect by 
adjusting their areas? 
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Table I 


Values for areas and intensities of illum- 
inated fields which have the same stimulating 
effect upon the bee’s eye. The products of 
area times intensity are approximately equal 
for two fields presented simultaneously. 



1354.2 6.42 


681.2 

338.6 

169.0 

86.5 



8696.9 1354.2 


4374.5 

2174.2 

1085.3 
555.4 





li 


gl 

6.42 

8696.9 

3.26 

4304.8 

1.70 

2302.2 

0.75 

1019.7 

0.54 

578.9 


At first we make both fields equal in brightness 
and size, the flicker frequency of one being twice 
that of the other. The bees now migrate to the 
faster flickering field. We then decrease the size 
of the faster flickering field until equal numbers 
of bees travel to both fields. This point is arrived 
at as soon as its size is reduced to one half of the 
original. I f the ratio of flicker is 1 :4 the respec- 
tive ratio of areas must he 4:1. In all our tests 
it can be shown that, for equal photic stimulation 
by flickering fields, the field areas must be in- 
versely proportional to the flicker frequencies. 
For the phototropic orientation of bees we can 
therefore assume that it is irrelevant whether a 
great number of ommatidia is stimulated at a low 
frequency or a smaller number more often per 
unit time. 


Ill 

The effect of intermittent stimulation, w^hich 
can nicely be demonstrated in laboratory experi- 
ments, can also be found in nature. First we 
shall prove this in the case of some reactions of 
bees to patterns of different design. Just as bees 
will settle down above flickering fields spontane- 
ously, they will, after being conditioned to take 
food from a glass topped table, settle above pat- 
terns which are placed underneath the glass top 
and to which they were not conditioned previous- 
ly (Hertz, 1930). By selecting a series of pat- 
terns of diflPerent design and presenting them re- 
peatedly to bees for choice one can obtain infor- 
mation about the distribution of the bees over the 
patterns. Hertz (1930, 1931, 1933) pointed out 
that there is a connection between the bee's 
choices and the ^'richness of contours” of the pat- 
terns. By selecting 9 patterns of different design 
but the same area Zerrahn (1933) found that the 
number of choices of each pattern is proportional 
to the length of its contours (length of contours 
rr length of edges black against white within 


each pattern). The contours, however, are a 
measure of flicker produced when a bee flies 
across a pattern. We therefore can relate these 
findings with those obtained during our pho- 
totropic tests. Let us, for example, take in 
the extreme case two patterns which are quite 
different regarding their structure, namely, a 
black disc and a checkerboard pattern of the 
same area. It becomes at once apparent that 
the number of elements which during flight 
will undergo changes in their state of excita- 
tion are quite different. For the black disk 
only the marginal elements experience a change, 
while those looking at the center portion wall re- 
main under the same condition of stimulation 
over a longer period. For the checkerboard pat- 
tern a great many elements which lie close to- 
gether undergo changes, and consequently the 
number of alternating stimuli produced by this 
pattern is considerably greater than the number 
produced by the disc. To explain the bees' choices 
it only remains necessary to assume, in analogy 
to the dark room experiments, that by the transi- 
tions of the retinal elements a forced reaction is 
produced, and the higher the frequency of flicker 
the stronger becomes the reaction of the bees. 

By presenting to bees two sector-wheel patterns 
of the same dimensions we obtain equal numbers 
of choices. By rotating one of the two we are 
able to increase the number of transitory stimuli. 
We then find that the choices of the bees turn 
almost entirely to the rotating pattern (Wolf, 
1933). 

So far we have been dealing with patterns 
which w^ere always of the same area. If the 
bee’s reaction depends only upon the number of 
retinal elements undergoing changes, we ought to 
be able to balance the effect of two patterns, dif- 
ferent in area, by adjusting their “grain” so that 
both produce the same number of alternating 
stimuli. 

For such tests checker boards and striped pat- 
terns were used. First a checker board ( 10 x 10 
cm.) with checkers 1 cm. square is presented, to- 
gether with other patterns of a coarser grain (1.5 
cm. squares, 2 cm. squares, and 4 cm. squares). 
To obtain equal numbers of choices the 1.5 cm. 
pattern must have an area of 12 x 12 cm., the 2 
cm. pattern must have an area of 14 x 14 cm., 
and the 4 cm. pattern an area of 20 x 20 cm. The 
increase in area of the coarser pattern is conse- 
quently proportional to the increase in length of 
the sides of each single square. Since w^e know 
that the stimulating value of a pattern is charac- 
terized by its length of contours we understand 
at once the increase in area which is necessary for 
equal stimulating effects. By the increase in area 
we just balance the loss on contours which was 
produced by the coarser design. For all the pat- 
terns which have the same stimulating value we 
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find in fact that the length of contours is approx- 
imately 200 cm. Equal numbers of elements could 
therefore be stimulated alternately during the 
bees’ flight over the patterns. 

If we use striped patterns instead of checker- 
boards the experimental conditions are not quite 
as favorable, since their stimulating value de- 
pends largely upon the direction in which they 
are crossed by the bees. With a sufficiently great 
number of trials, however, results can be obtained 
which are comparable to those secured with the 
checker boards. For comparison all the data are 
summarized in Table II, 


now the pattern is moved over a unit length of 
distance in any direction, the number of elements 
undergoing transitions during the shift may be 
counted, tor any coarser pattern wliich does not 
provide as many transitions as a fine one of the 
same area when moved over the same distance, 
the increase in size which would give it a stimu- 
lating value corresponding to that of the fine pat- 
tern can be estimated. We started our investiga- 
tion, in fact, by studying the effect of moving 
patterns upon the elements of this model of the 
bee’s eye, and the calculations made were justified 
by the results of our experimental tests. 


Table II 


Summary of the results of the bees’ choices among patterns different in area and coarseness 
of design. 


1 

No. of Tests 

Pattern 

Area cm 

Length of 

Contours 

cm 

No. of 
Choices 

Pattern 

Area cm 

Length of 

Contours 

cm. 

No. of 
Choices 

Choices 
of both 
Patterns 

Ratio 

fine:ooarse 



Checker- 




Checker- 








board 




board 






I 

51 

1 cm^ (A) 

10x10 

200 

31 

2 cm* (B) 

10x10 

104 

11 

9 

2.8:1 

II 

54 

»> fi 

tt 

tt 

21 

2 cm* (C) 

14x14 

200 

21 

12 

1:1 

III 

53 

ff t* 

tt 

tt 

14 

2 cm^ (D) 

20x20 

400 

30 

9 

1:2.1 

IV 

54 

tt 9t 

tt 

tt 

29 

1.5 cm* (E) 

10x10 

142 

18 

7 

1.6:1 

V 

53 

tt t$ 

tt 

tt 

26 

1.5 cm* (F) 

12x12 

192 

26 

1 

1:1 

VI 

75 

tt tt 

tt 

tt 

53 

4 cm* (G) 

lOx 10 

64 

16 

6 

3.3:1 

VII 

60 

tt tt 

tt 

St 

27 

4 cm* (H) 

20x20 

208 

27 

6 

1:1 



Stripes 




Stripes 






VIII 

53 

Icm (I) 

lOx 10 

110 

31 

2 cm (K) 

10x10 

72 

17 

5 

1.8:1 

IX 

50 

tt tt 

tt 

tt 

23 

2 cm (L) 

12.5 X 14 

116 

23 

4 

1:1 

X 

52 

tt tt 

tt 

tt 

15 

2cm (M) 

20x20 

220 

32 

5 

1:2.1 


A picture of the effect of the alternate stimu- 
lation upon the bee’s eye during motion, when 
looking at a pattern, can be provided by mapping 
out on a sheet of translucent coordinate paper the 
points of intersection of the axes of the omma- 
tidia with a plane whose distance from the eye 
corresponds to the distance of the pattern at the 
moment of choice. This distance is in our case 
approximately IS cm. Such a system of coordi- 
nates can be obtained from a figure given by 
Baumgartner (1928) which represents a schema- 
tic picture of the resolving power of the bee’s 
eye. His coordinates only need to be replotted 
for our distance. By placing our patterns under- 
neath the map of the tee’s eye, one can count the 
number of elements which are covered by the 
white and by the black parts of the pattern. If 


IV 

When looking at insects in nature during their 
flights, which are devoted mainly to the search 
of food, we can also explain their visual reactions 
to flowers as forced reactions to flicker. Most 
flowers which are visited by bees do not stand 
singly, but in groups. One only needs to remem- 
ber blooming fruit trees, shrubs, umbelliferous 
plants, or single blossoms, like clover, which are 
cultivated in fields. If a bee during its flight 
crosses such a flowering surface the elements of 
the eye experience a great many changes in their 
state of excitation which may cause a forced re- 
action resulting in a settling down of the bee. 
Such a reaction could facilitate the finding of 
small flowers closely spaced, even when the par- 
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ticukrs of their flower formation are below 
threshold visibility. 

We were anxious to find some confirmation of 
this theory and have found already, by observing 
bees visiting flower beds on quiet and windy days, 
that the number of bees settling down on the 
flowers is greater when the blossoms are moved 
slightly by the air current. 

Lately we have tried to obtain further proof 
for the bee’s reaction to flicker while collecting 
on flowers. We used arrangements of natural 
and artificial flowers to which the bees were con- 
ditioned. Sections of our flower beds can be set 
into motion to produce flicker. We know so far 
that the moving objects attract more bees than 
the quiet ones. A clear cut quantitative proof, 
however, still remains to be given. 
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Discussion 

Dr, Harris: There must be a limit to the 
contour *'law”. Is tliat limit de^^ndent wholly 
upon coarseness of the pattern or its total size? 

Dr, Wolf: There is a limit to the size of a 
pattern which can be seen by the bee at a given 
distance. If the pattern is so big that it covers 
an area bigger than the area which can possibly 
be taken in by the total number of ommatidia of 
the bee’s eye, the marginal portions of the pattern 
certainly cannot have any effect upon the bee’s re- 
action. One must however keep in mind that the 
bee is moving above the pattern at the moment of 
choice and therefore the extent of the pattern can 
produce a greater number of transitions of retinal 
elements from one state of excitation into another 
and in that respect a bigger area can have a 
greater stimulating effect. Probably a relatively 
small pattern, however, can cause already a suffi- 
cient amount of alternating stimulation so that the 


liee is forced to settle down. If the bee actually 
sits on the pattern it will be so close to the pat- 
tern that it can see only a very small portion of it. 

Dr, Harris: How do bees find a sugar solu- 
tion in the first place when it is put on top of a 
table? 

Dr, W>olf: To condition the bees to come to 
a feeding place is a complicated technical affair. 
I found it easiest to go to the hive and put strips 
of paper outside, on which is put sugar or honey. 
The bees will take food from here and, while they 
are collecting, one picks up the paper with the 
bees, puts it into a box, closes the box and takes 
the bees to the experimental arrangement. The 
bees are left in the box for a while. When they 
are set free they have to start from that place for 
their home. According to experiments by Opfin- 
ger, orientation to a feeding place occurs after the 
bees have taken food and started for the hive. 
Consequently the transportation from the hive to 
the feeding place does not mean anything for the 
bees’ orientation. By associating the new locality 
with 'Tood” the bees will afterwards return regu- 
larly to our experimental arrangement. One does 
not always succeed when taking bees from the 
hive for the first time, but after having taken bees 
to the place desired several times, very soon a 
regular stream of visitors is secured. 

Dr, Ponder: Are they able to see where they 
are going when they are being transported? 

Dr, Wolf: No, they can be transported in a 
dark box. It is important, however, that the 
place to which the l>ees are taken lies within the 
hunting ground of the bees of the hive used. The 
bees must know the surroundings to enable them 
to return home. 

Dr. Ponder: Do you mean tliat they orient 
near the feeding place visually? 

Dr. Wolf: Yes. If you took the bees in the 
dark box from the hive to a place where they 
have never been before and open it there, the bees 
would go up into the air, describe circles trying 
to get home, but since they have no known marks 
for their orientation they return to the box, 
whereas within a field with which they are ac- 
quainted they would just go off. 

Dr. Giese: Plow large is that hunting area? 

Dr. Wolf: A circle of about one mile and a 
half in radius. 

Dr, Ponder: Do bees have a sense corre- 
sponding to that of smell by means of which they 
might orient themselves? 

Dr. Wolf: There has been done very exten- 
sive work on the sense of smell in bees by von 
Frisch. He has investigated the bees olfactory 
discrimination and the distances over which bees 
are able to perceive specific odors of flowers, and 
we know that odors play an important role in 
orientation. To give one example ; in the Botani- 
cal Garden at the University of Munich hundreds 
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of different kinds of flowers are planted system- 
atically. Von Frisch conditioned certain bees 
somewhere else to one specific odor of one species 
which was in blossom. The l)ees were marked 
during conditioning. It was found that these 
conditioned bees were able to find that specific 
flower later, when they were placed in the gar- 
den. For comparison with our olfactory capacity 
one might say that the bee’s power of olfactory 
distinction is not greater than ours. For instance, 
by presenting to them the etheric oils of different 
species of oranges they were not more capable of 
distinguishing them than we are. 

Dr. Hartline : The recipix)cal relation between 
area and intensity demands explanation, not only 
in these experiments, but in those on other tvpes 
of eyes as well. Thus doubling the area illumin- 
ated brings twice the number of receptors into 
play and hence doubles the numl)er of nerve im- 
pulses reaching the centers in unit time. Halving 
the intensity on any given sense cell, however, 
does not as a rule halve the frequency of its im- 
pulse discharge, nor does it even approximately 
do so, except possibly over a very narrow range 
of a particular portion of its intensity-response 
curve. With decreased intensity, of course, re- 
ceptors with higher thresholds will drop out com- 
pletely; moreover with increased area the effects 
of the additional elements brought into play may 
not be completely summated in the centers. The 
relation at best is an approximation and holds 
only over a narrow range. 

Dr. Wolf: The range of intensities and of 
areas both cover only alx)ut one logarithmic unit 
in our experiments. Under these conditions our 
results can be understood. It is very probable 
that our area and intensity relation would not 
hold if we covered a greater range. On account 
of the structure of the bee’s eye this can hardly 
be done. With very small areas we finally would 
have only one element stimulated. By increasing 
the areas tremendously we would reach another 
extreme, namely we would soon reach a state in 
which all elements are concerned, and by making 
our illuminated fields bigger the number of ele- 
ments stimulated could not be increased furtlier. 

Dr. Mestre: I would like to ask two ques- 
tions; first, whether the bees are oriented with 
respect to the light sources before being released 
and, second, how much random movement is apt 
to he made liefore the final choice of path be- 
comes evident. 

Dr. Wolf: What we actually did during ex- 
perimentation was to put the bee underneath a 
beaker at the end of the cage and to leave it there 
exposed to the light. Then we let it run by re- 
moving the beaker. It is striking how precisely 
the bees take their course in respect to the two 
areas and their intensities. Random motions oc- 


cur, however, in some cases which are of un- 
known origin. 

Dr. Mestre: I should think that if the bees 
could be uniformly oriented with respect to the 
light sources before release, more uniform be- 
havior might be obtained. In this way it might 
be possible to determine with accuracy the choice 
of the bee when still so far distant from the light 
sources that no important increase in the number 
of ommatidia had yet occurred. Wald and I were 
talking about a similar problem in connection 
with Blum’s paper and he made the suggestion 
that this pre-orientation could be readily achieved 
by releasing the animals through a tube. 

Dr. Wolf: I think the angle of orientation to 
two illuminated areas might well be taken as a 
measure, if the releasing of the l^es is done 
properly. If the intensities of two fields are not 
the same the course of the animal is taken right 
away toward the brighter field. Only in case the 
stimulating effect of both fields is equal, is the 
course of the bee the bisecting line between two 
fields. Naturally under such conditions random 
motions must occur at the end of the a)urse until 
the animal has arrived at one of the fields. 

Dr. Wald : So far as 1 know, there is no evi- 
dence that variation in the distance between a 
compound eye and a diffuse source produces 
changes in brightness. liecht and Wald (1933) 
found no change in the threshold to stripes re- 
sulting from changes in distance of 3(X) per cent. 
This leaves area of the field as the only signifi- 
cant variable as an arthropod approaches, or re- 
cedes from, the source of stimulation. 

Dr. Blum: That, of course, makes my prob- 
lem much sim|)ler since we may assume that we 
are dealing with the geometry of the light field, 
and disregard differences in intensity at different 
parts of the field. 

Dr. Cole : The visual acuity and intensity dis- 
crimination data for the bee were determined ex- 
perimentally by flicker. Are there data on the 
bee to show how a threshold for steady light 
compares with a flicker threshold? Were the 
visual acuity and intensity discrimination data of 
the bee’s eye compared with the steady light or 
the flicker data for the human eye? 

Dr. Wolf: The comt^rison of our visual acu- 
ity and intensity diwscrimination data for the bee’s 
eye is made with those for the human eye under 
steady light conditions. The bee’s reaction can 
only be obtained by the motion of a stripe sys- 
tem, thus we have no means of making a compar- 
ison on a different ba.sis. The threshold for ex- 
citation by light as such is certainly lower than 
the threshold intensity of illumination during vis- 
ual acuity, intensity discrimination and flicker 
tests, during which the stripes as such must te 
seen to cause the animal’s response. 
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This discussion of bioluminescence^ will be re- 
stricted to the more important facts concerning 
mechanism and kinetics of luminescence, which 
have been ascertained from a study of Cypridina 
hilgendorjii. This animal is a marine ostracod 
crustacean, which extrudes two granular secre- 
tions, produced in separate gland cells, into sea 
water where the granules dissolve. The mixing 
of water solutions of the substances in these 
secretions, luciferin and luciferase, in presence of 
dissolved oxygen, results in luminescence; salt is 
not necessary for light production. The luciferin 
oxidizes to oxyluciferin while the luciferase, 
an enzyme, remains unchanged. By drying the 
Cypridinae quickly, the photogenic substances 
can be preserved indefinitely. They have quite 
different chemical properties and can be extracted 
from the dried material and separated by appro- 
priate treatment. Luciferin is thermostable but 
easily oxidized, while luciferase is not oxidized 
but is destroyed on heating, a difference which 
has made separation of the substances relatively 
simple. 

Mechanism 

Only if luciferase is present together with 
luciferin will there be luminescence. On the 
other hand luciferin in oxygen oxidizes without 
luciferase, but no light appears. Luciferin is the 
substrate upon which luciferase acts, but the pro- 
duction is connected with the luciferase rather 
than the luciferin. This is indicated not only by 
the fact mentioned above that luciferin when 
oxidized alone never gives light, but also by ex- 
periments on the color of luminescence, by which 
it can be shown that when luciferase and luci- 
ferin from two different forms having different 
colored luminescences are mixed, the animal 
supplying the luciferase determines the color of 
the resulting luminescence.^ 

1 The following are general articles on light pro- 

duction by organisms. Dubois, La Vie et La 
Luml^re, Paris 1914; Molish, Leuchtende Pfian- 
zen, Jena 1904 and 1912; Mangold, Handbuch 
der vergleichenden Physiologie, 8, 225, 1910; 
Handb. der Normalen u. Pathologischen Phy- 
siologie, 8, (2nd half), 1072, 1928; Dahlgren, 
J. Franklin Inst. 180, 515, 711, 1915; 18L 

109, 243, 377, 525, 669, 806, 1916; Harvey, The 
Nature of Animal light, Lippincott, Phlla., 
1920; Physiol. Rev. 4, 639, 1924; Bull. Nat. Res. 
Council No. 59, 60, 1927; Pratje, A., Ergebn. 
Physiol. 21, 166, 1923; Klein, G., Handb. der 
Normalen u. Pathologischen Physiologie, 8, 
(2nd half), 1058, 1928. 

2 Harvey, E. N., Science 44, 241, 1917; Am. J. Phy- 

siol. 70, 619, 1924. 


If luciferin is oxidized by such agents as 
K8Fe(CN)6 in absence of oxygen but in pres- 
ence of luciferase, there is also no luminescence. 
Therefore luciferin, luciferase and free oxygen 
constitute the bioluminescent system and luci- 
ferase belongs in the group of oxidizing enzymes. 
However, no other oxidase can take the place of 
luciferase and the luciferases of different animals 
are highly specific, only closely related forms 
^ving luminescence when their photogens are 
intermixed. 

The evidence that luciferase is of enzyme na- 
ture is as follows: — first, it exists in water in 
colloidal solution with the general properties of 
enzymes; second, it does actually accelerate the 
velocity of oxidation of luciferin and may be 
used many times, remaining practically unchanged 
at the end of the reaction. At the same time it 
must again be emphasized that luminescence is 
not merely the consequence of the high velocity of 
oxidation of luciferin in presence of luciferase. 
Luciferin without luciferase can oxidize sponta- 
neously at high temperature much more rapidly 
than with luciferase at low temperatures, but only 
in presence of luciferase is light produced. It is 
the presence of luciferase rather than the velocity 
of oxidation that produces light. However, if luci- 
ferase and oxygen are also present, the greater 
the velocity of oxidation of luciferin, the brighter 
wfill be the luminescence. Luciferase plays two 
roles, first that of an oxidizing enzyme, accel- 
erating oxidation of luciferin, and second that 
of a substance capable of excitation to luminesce 
in a manner to be considered presently. 

When luciferin is oxidized, oxyluciferin is 
formed. This product seems to represent a very 
slight change in the molecule since it can be parti- 
ally reduced to luciferin again*. It is not neces- 
sary that luciferase be present for reduction to 
occur, but oxygen must be absent. No lumine- 
scence accompanies the reduction. 

Since nascent hydrogen is a good reducer, and 
other methods of reduction involve the taking up 
of hydrogen, we may suppose some such change 
as the following to occur : 

L (oxyluciferin) -j- H 2 == LH 2 (luciferin). 
Oxidation might then be represented as follows : 

LH 2 (luciferin) + 1/2 O 2 = L (oxyluciferin) 

+ H2O. 

Among the reducing agents that will reduce 
oxyluciferin are hydrogen and Pt or Pd; sul- 

8 Harvey, B. N., J. Gen. Physiol. 1, 133-145, 1918; 

5, 275-284, 1923, 
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phides; hydrosulphites as Na 2 S 204 ; CrG 2 ; 
TiCla ; anthraquinone“2-6-di-Na-sulphoiiate ; an- 
thraquinone-Na-sulphonate ; yeast cells and bac- 
teria. Atomic hydrogen will reduce oxyluciferin 
in the dry state.* 

The system luciferin-oxyluciferin behaves 
somewhat as the system leuco-methylene blue — 
methylene blue and other reversibly oxidizable 
dyes. Its oxidation-reduction potential has been 
investigated® by determining which substances 
having definite redox potentials will oxidize luci- 
ferin and which will reduce oxyluciferin in 
absence of oxygen. 

The results indicate that strong oxidizing 
agents like K 3 Fe(CN)tt or quinone will oxidize 
luciferin rapidly, and strong reducing agents like 
the reduced anthraquinone sulphonates and 
Na 2 S 204 will partially reduce newly formed oxy- 
luciferin, but the indophenols will not oxidize 
luciferin nor will the reduced indigo sulphonates 
reduce oxyluciferin, which lias stood for several 
hours. Under these conditions the oxyluciferin- 
luciferin system appears to behave as an irrever- 
sible system between an Eo value of +0-24 to 
—0,22 volts at pH = 7.7, and we can speak only 
of an “apparent oxidation potential*' of +0-24 
volts and an “apparent reduction potential" of 
— 0.22 volts. After standing for some days the 
oxyluciferin cannot be reduced and sec'ondary 
changes must occur. No definite redox potential 
can be assigned to the system. 

The light production is undoubtedly a chemilu- 
minescence, light resulting from a chemical re- 
action, the opposite of a photochemical change. 
Chemiluminescences may be of two kinds, cor- 
responding to the two varieties of photochemical 
reactions, ( 1 ) the direct photochemical processes 
in which the molecules absorbing radiation (ex- 
cited molecules) undergo photochemical change, 
and (2) the sensitized photochemical reactions in 
which the photosensitizer a])sorbs the energy of 
radiation, later transferring it by collision to other 
molecules, which undergo photochemical change. 
Correspondingly, in one type of chemilumine- 
scence, the energy of reaction remains with the 
reaction product or products (excited molecules), 
and may be emitted as light; in the second type 
the excited molecules, resulting from the reaction, 
transfer by collision their excess energy to other 
molecules, exciting them to luminescence. The 
luci f erin — oxyluci f erin — luci f erase system ap- 
pears to be of the latter type in view of the facts 
already mentioned, which indicate tliat luci f erase 
is the source of the luminescence, and that the 

4 Harvey, E. N., and Lavin, G. I., Science 74, 150, 

1931. 

5 Harvey. E. N., J. Gen. Phyaiol. 10, 886, 1927. 


color of the light depends on the kind of lu- 
ci f erase present. 

We may then suppose tliat the energy of oxi- 
dation of luciferin to oxyluciferin excites luci- 
ferase molecules, which luminesce on return to 
the normal state. Luciferase supplies the mole- 
cules capable of excitation, and is in addition a 
catalyst accelerating the oxidation of luciferin. 
Luciferase molecules can only be excited by the 
oxidation of luciferin (and only a particular kind 
of luciferin) and by no other substances oxidizing 
in presence of luciferase, although a large 
number of autooxidative , and other, reactions 
have been tried. Even recombination of hydro- 
gen atoms, liberating large amounts of energy, 
gave no certain luminescence when tested in 
presence of dry luciferase.* 

A scheme representing the light production of 
the luciferin — oxyluciferin — luciferase system 
would be as follows : — 

Luciferin (LHo) + 1/2 O 2 = 
oxyluciferin (L') -f* H 2 O 
L' -f luciferase (A) ~ L -f- A' 

A' =: A -f hv. 

The prime (') indicates an excited molecule 
possessing e.xcess energy, which is in this case 
transmitted to luciferase and emitted as a quan- 
tum of light. Cypridim luciferase emits in a 
region whose maximum is at A = 0.8/i. 

The spectra of luminous animals may then be 
assui7)ed to represent the emission from the 
complex luciferase molecule, and it is not sur- 
prising to find that these spectra are very broad 
bands as modern theory requires.® 

Studies on the quanta of light of A = 0.48/Lt 
produced i)er molecule of oxygen used in oxidiz- 
ing Cypridinc luciferin, show that roughly (an 
order of magnitude only) 100 molecules of oxy- 
gen must react before 1 quantum appears. This 
means that only 1 in 100 collisions of excited 
molecules with luciferase are fruitful so far as 
luminescence is concerned.’^ 

Many chemiluminescent substances can be ex- 
cited to luminesce by exposure to radiation® 
(fluorescence). Although it has been impossible 
to excite luminescence of Cypridina luciferase (or 
luciferin) by exposure to ultraviolet light, cathode 
rays or X-rays, photogenic organs of a number 
of luminous animals, notably the fire-fly, fluoresce 

eCoblentz, W. W., Sci. Pap. Bur. Stand. 21, 621. 
1926. 

7 Harvey, E. N., J. Gen. Physiol. 10, 875, 1927. 
8Kautsky and Zocher, Z. Phys, 9, 267, 1922; Elek- 
trochem. Z. 29, 808, 1928; Naturwissensch. 11, 
194, 1923; Kautsky and collaborators, Z. Elek- 
trochem. 82, 349, 1926; Z. Phys. 81, 60, 1925; 
Z. anorg. allg. Chem. 144, 197, 1925; 147, 81, 
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brightly in near ultraviolet light with a color 
similar to, but not always the same as, that of 
the chemiluminescence of the animal. The fluo- 
rescence can be observed in the dried animal or 
after the organ has been boiled so that the pos- 
sibility of chemiluminescence is definitely pre- 
vented.®. 

Luciferin may also undergo photochemical 
change. The photochemical effect is not the re- 
verse of the photogenic, however. Light hastens 
the oxidation of luciferin, not the reduction of 
oxyluciferin. Thus, a luminescent solution of 
luciferin and lucif erase partly exposed to the 
condensed beam of an arc light will have its 
luminescence suppressed in the lighted region in 
a few seconds. It can be shown that this is not 
due to heat, but is a light effect solely on the 
luciferin, not on the luciferase. It takes place 
only in presence of oxygen. The luminescence 
is suppressed because the luciferin is rapidly oxi- 
dized in the light as compared with its rate in 
the dark. It can also be proved, by the use of 
photosensitive dyes and proper color screens, that 
this rapid oxidation of luciferin in light, even 
though it takes place in presence of luciferase 
and oxygen, does not result in luminescence. The 
meaning of this fact is not clear and deserves 
further investigation, for other experiments all 
indicate that, in presence of luciferase and oxy- 
gen, more rapid oxidation of luciferin means 
greater luminescence. The photochemical oxida- 
tion of luciferin is due to wavelengths in the 
region A = 0.45/x to A = 0.38/a. Some fluore- 
scent dyes photosensitize for longer wavelengths. 
It does not seem probable that this effect of light 
on luciferin has any connection with the lumi- 
nescence of luciferin, hut is one of the chance 
photochemical effects so common in organic com- 
pounds. 

Kinetics 

In the study of the kinetics of ordinary enzyme 
reactions the concentration of the substrate must 
be determined at definite intervals of time. Such 
a procedure is not possible with luciferin, as 
methods of analysis apart from the luminescence 
it gives are unknown. However, when luciferin 
and luciferase solutions are mixed, we observe 
a bright luminescence which represents light due 
to some initial concentration of luciferin. After 
mixing, the luminescence gradually decreases in 
intensity and a study of this decay curve, both 
as regards form and area involved, has given an 
interesting insight into the course of the oxida- 

» Harvey, E. N., J. Gen, Phyaiol. 7, 133, 1925; Am. 

J. Physiol. 77, 655, 1926. 

10 Harvey, E. N., J. Gen. Physiol. 7, 679, 1935; 10. 

108, 1926. 


tion of luciferin. Quantitative studies on lumine- 
scence, therefore, involve measurements of lumin- 
escence intensity and total luminescence. These 
have been carried out by photographic, photo- 
electric, and direct photometric methods. 

Amberson^^ first obtained decay curves by a 
photographic method and found them to be 
logarithmic and to give straight lines over a con- 
siderable temperature (S®-35* C) range, if log 
intensity of luminescence is plotted against time. 
Since this decay curve is also the same as would 
be followed by a monomolecular reaction when 
reaction velocity, dx/dt, is plotted against time, 
the conclusion is drawn that intensity of lumin- 
escence (witliin certain limits) is determined by 
reaction velocity and that only one molecule of 
luciferin is undergoing transformation. Plotting 
log concentration of luciferin against time should 
also give a straight line for a monomolecular re- 
action but the experiments in which luciferase 
concentration or temperature is varied show that 
luminescence intensity is determined by reaction 
velodty, dx/dt, and not by concentration of lu- 
ciferin at any given time. 

The principal facts established by Amberson's 
work are : — 

1. Stirring does not eifect the luminescence in- 
tensity or the form of the decay curve. 

2. The decay curve slope, i.e. the velocity con- 
stant, is approximately proportional to luciferase 
concentration. 

3. Logarithmic plottings with two different con- 
centrations of luciferin (made by allowing the 
luciferin to spontaneously oxidize to different 
degrees), but with the same luciferase, are par- 
allel. The velocity constant is not affected, but 
light intensity (reaction velocity) is naturally less 
with smaller concentrations of luciferin. The 
velocity constants vary if the luciferin solutions 
are changed in concentration by dilution with 
water. Later work has explained this discre- 
pancy. 

4. There is an initial flash of light when the 
luciferin and luciferase are mixed, too high to 
agree with the remainder of the curve. Its mean- 
ing is unknown. 

5. The temperature coefficient is high. Amber- 
son has collected the velocity constant values ob- 
tained in nine experiments and finds Qjo for 
different 10® temperature intervals to average 
2.74. There is a tendency for the higher (25*- 
35®) intervals to have a greater Qio than the 
lower (5*-15®). 

iiAmberson, W. R., J. Gen. Physiol. 4. 517-558, 

1922. 
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Harvey and SnelU^ made an extensive study 
of the sudden flashes, with rapid decay of lu- 
minescence, when luciferin solutions are mixed 
with fairly concentrated lucif erase solution. A 
photoelectric cell, amplification and string gal- 
vanometer recording were used. Such lumin- 
escences may diminish to lialf intensity in 0.5 to 
1.0 second. For these rapid flashes the follow- 
ing facts appear: — 

(1) The decay is logarithmic if ratio of lu- 
ciferin to luciferawSe is small; logarithmic plus an 
initial flash, if ratio of luciferin to lucif erase is 
greater than five. The logarithmic plot of lu- 
minescence intensity against time is concave to 
time axis if ratio of luciferin to lucif erase is very 
large. 

(2) The velocity constant of rapid flashes of 
luminescence is approximately proportional to 
enzyme concentration, is independent of luciferin 
concentration, and varies approximately inversely 
as the square root of the total luciferin (luciferin 
+ oxyluciferin) concentration. For large total 
luciferin concentrations, the velocity constant is 
almost independent of the total lucif erin. 

The distinction between total luciferin and lu- 
ciferin is as follows. A luciferin solution (A) 
freshly prepared from Cypridim powder will 
contain a little oxyluciferin, due to unavoidable 
spontaneous oxidation. If allowed to stand 10 
min. (B) much more oxyluciferin will form but 
the total luciferin (oxyluciferin + luciferin) 
will be the same. T.uminescence records from A 
and B, on adding luciferase, will give the same 
velocity constants, but the light intensities from 
B will be much less. If, on the other hand. A 
is diluted with water (C), both luciferin and oxy- 
luciferin will be diluted, and the velocity constant 
of C will be greater than A, and its luminescence 
intensities less. The total luciferin (oxyluciferin 
+ luciferin) is less in C because of dilution with 
water, (3) The variation of velocity constant 
with toted luciferin concentration (luciferin -f 
oxyluciferin) and its independence of luci- 
ferin concentration are explained by assuming 
that light intensity is a measure of the luciferin 
molecules which become activated to oxidize (ac- 
companied with luminescence) by adsorption on 
luciferase. The adsorption equilibrium is the 
same for luciferin and oxyluciferin and deter- 
mines the velocity constant. 

Stevens^*’* and also Anderson^^ have undertaken 
a study of the total amount of light emitted by 
luciferin under various conditions, for the pur- 
pose of developing a simple quantitative method 
of determining luciferin and luciferase. In 

w Stevens, K. P.. J. Gen. Physiol. 10, 859, 1927. 

14 Anderson, R. S., J. Cell. Oomp. Physiol. 8, 45, 
1933. 


Anderson's experiments the total luminescence is 
detected by a photocell, and the photoelectric cur- 
rent charges a condenser whose voltage is read 
on a potentiometer, using the Lindemann elec- 
trometer as a null instrument. By measuring rate 
of change of condenser voltage on the potentio- 
meter the device can also be used for determining 
the velocity constant of the reaction. The results 
are as follows: — 

(1) The total light emitted under uniform con- 
ditions is approximately proportional to the 
amount of luciferin initially present, and inde- 
pendent of the concentration of luciferase. 
Velocity constants are proportional to luciferase 
concentration for a standard luciferin concentra- 
tion. 

(2) From 18* to 28* C the total light emitted 
per unit of luciferin decreases from 2 to 3.5% 
per degree increase in temperature. 

(3) I'he total light is less at pH = 7.8 than at 
pH = 6.8 and less at pH = 6.8 than at pH = 6. 
Less total light is emitted in m/60 than m/15 
phosphate buffer at the same pH, and less light 
from m/20 phthalate buffer than from m/20 
phosphate buffer at pH = 6. 

More total light is emitted in presence of 0.34 
m NaCl than in 0.02 m NaCl. 

Although solvent conditions modify the lumin- 
escence values, under definite standard conditions 
of temperature, pH and salt content of medium, 
total light may be used as a quantitative measure 
of luciferin, and the velocity constant as a quanti- 
tative measure of luciferase concentration. 

Studies of luminesScence in heavy water show 
that in 81% deuterium oxide about 19% more 
total light is produced, and the velocity constant 
at half completion is reduced to about 60% of 
that in ordinary water.^® 

Discussion 

Dr, Giese : It is interesting to note that in this 
paper Harvey points out that the energy of 
reaction of only 1 of 100 molecules of luciferin is 
emitted as light. The energy given off by the 
other 99 must then be given off as heat. Yet 
Harvey was unable to detect a change in temper- 
ature in a reacting luciferin-luciferase system 
using the most delicate methods available. The 
total heat produced is thus very small in quantity. 

Dr, Winter: Since there are both luciferin 
and luciferase present in the extract, why is the 
luciferin not oxidized? 

Dr. Korr: In the absence of water the oxi- 
dation (i.e. the hydrogen transfer) can take place 
only very slowly, if at all. If atomic hydrogen 

15 Anderson, R. S., and Harvey, E. N., J. Cell. Comp. 
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is used, however, oxyluciferin will take it up (be- 
come reduced) even in the dry form. One would 
like to know if the luciferin-luciferase system is a 
peculiar one among chemiluminescent substances, 
in that molecular oxygen is absolutely required 
as a specific hydrogen acceptor, irreplaceable by 
any other. Harvey has made man^ attempts at 
such replacements with both biological and inor- 
ganic oxidising systems, but although oxidation 
of luciferin sometimes occurred, light was never 
obtained in the absence of oxygen. 

Dr. Meyer: Is it known whether an organic 
peroxide is produced in the oxidation of luci- 
ferin? 

Dr. Korr: Harvey has never obtained any 
indication of the formation of any kind of per- 
oxide, using the usual tests with titanium chlor- 
ide, and with catalase and peroxidase extracts. 

Dr. Meyer: Catalase, to my knowledge, will 
act only upon HjOj and not upon organic perox- 
ides; the same holds true for peroxidase: but in 
aqueous systems an organic peracid will very 
readily, in most instances, be hydrolysed to H 2 O 2 . 
In some instances, e.g., plithal-maro-peracid, the 
liberation of iodine from K1 is very slow and one 
has to allow sufficient time for the test. 

Dr. Wald: What is known of the chemical 
nature of luciferin and luciferase? 

Dr. Giese: Harvey has shown that the luci- 
ferase of Cypridim has the properties of a pro- 
tein, while luciferin (and oxyluciferin) of the 
same animal has many of the properties of a pro- 
teose. Neither has been obtained chemically pure, 
but R. S. Anderson, working in Harvey’s labora- 
tory, has made some progress in this direction 
with luciferin. 

Dr. Harris: The fact that the efficiency of 
this system is known suggests the possibility of 


using it for quantitative determination of small 
amounts of oxygen present in unknown systems, 
as lumin^cent bacteria are already used. 

Dr. Giese : 1 think Harvey implies simply an 
order of magnitude in his statement of the effi- 
ciency of the luminescent system of Cypridim, 
siiKe his corrections, for other oxidation occur- 
ring at the same time, are very rough. But as a 
qualitative indicator of minute quantities of oxy- 
gen, luminescent bacteria are indeed excellent and 
have been used for a long time. Molisch showed 
that in a mixture of algae and luminescent bac- 
teria in which the oxygen supply had been ex- 
hausted and in which luminescence had ceased, a 
strong luminescence could be produced by merely 
exposing the mixture to even so weak a source of 
light as a match for a fraction of a second. 

Dr. Korr: Harvey has also made an estimate 
of the efficiency of bacterial luminescence. Using 
the method of indirect calorimetry and determin- 
ations of intensity and quantity of luminescence 
on the assumption that the uptake of one mole- 
cule of oxygen in the oxidation of luciferin gives 
rise to one quantum of light he estimated the effi- 
ciency to be about 26%, 640 lumens per watt 
being 100%. The bacterial-luminescence prob- 
lem, however, is a much more difficult one since 
all attempts to obtain luminous extracts have 
proved quite fruitless; the capacity for lumines- 
cence seems to be intimately associated with cel- 
lular structure. This is less surprising, perliaps, 
if one thinks of luciferase as a specialised type of 
dehydrogenase, and of luciferin as its substrate. 
The bacterial dehydrogenases are known to be 
closely bound up with cell structure (the cell sur- 
face, according to Quastel), active extracts of 
such enzymes from bacteria being very rare, but 
relatively common from other cells and tissues. 
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In medicine, just as one often finds in other 
fields of practical emergency, the application of 
physical and physical chemical meth^s has far 
outreached the understanding of the mechanism 
by which such methods prove effective. While 
our knowledge of physical and chemical mechan- 
isms which are brought into play by the absorp- 
tion of radiation is very imperfect, certain broad 
consideratiotis lend definite shape to our picture 
of these phenomena. Since water forms the 
main constituent of all biological systems, its ab- 
sorption characteristics mark out the regions of 
chief biological interest. In the tremendous 
sweep of the known electromagnetic spectrum, 
extending from the cosmic rays of less than 
1/1000 of an Angstrom wavelength, wherein 
almost a trillion waves can be crowded into the 
short distance of one centimeter, to the region 
of long electromagnetic waves, in excess of 1000 
kilometers, or 100 million cm., for a single wave- 
length, we find that by far the largest part of the 
electromagnetic spectrum is totally aijsorbed in 
passing through 1/10 mm. of water. From the 
standpoint of biological interest, therefore, a 
large part of the electromagnetic spectrum may 
be thought of as being blotted out by the opacity 
of water, and hence by the first thin superficial 
skin layers. Our interest then centers upon the 
recurrent regions of relative transparency. First 
we have the gamma ray and X-ray region, 
bounded on the long wavelength side by the 
Grenze rays; then another region extending from 
1750 A or 175 m/i in the ultraviolet to about 2.5 
/X in the infrared; and another region sometimes 
termed Hertzian wave, lying between the deep 
infrared and the range of radio broadcast, the 
region of diathermy. For the purposes of this 
discussion we shall be concerned only with the 
region of transparency including and surrounding 
the visible range of wavelengths. 

IVobably the most striking characteristic of this 
region is the great selectivity which one encount- 
ers. Absorption often mounts by a factor of 
over 100 times in the brief range of only 20 ni/n. 
Many different types of mechanism may be set in 
motion by the absorption of radiant energy. In 
the shore interval of but one log unit from 0.2 
to 2.0 fi we pass from a quantum corresix)nding 
to more than 140 k. cal. per mol down to 14 k. 
cal. per mol; in other words, from energy in 
excess of most of our familiar chemical reactions 
down to a range of common thermal disturbance. 
It is natural, then, that the short wavelength high 
energy region should lead to many and violent 
chemical changes, whereas the near infrared be- 


comes equivalent to relatively small temi^erature 
changes with little effect upon chemical reaction. 
Evidently then the ultraviolet presents a power- 
ful agency for producing clianges. The difficulty 
is that the changes may be of too great variety. 
The great interest which attaches to the visible and 
very near ultraviolet is that here we find more 
specific and more restricted chemical reactions. 
From these consideratiinis, it becomes evident that 
the distinction between different wavelengths is 
of the utmost importance. Curiously enough, 
little is known as to the relative wavelength ef- 
fectiveness of such physiological effects as have 
received some degree of recognition. 

All too commonly the whole ultraviolet is 
lumped together as though it offered little possi- 
bility of differentiation in possible results. Yet 
in the brief interval from 310 to 290 ni/x, we pass 
from wavelengths where few cells .suffer lethal 
effects to the point wdiere practically all cells can 
be killed by radiation. Different cells exhibit 
marked differences in the threshold or longest 
wavelength of lethal action, and tremendous dif- 
ferences above those wavelengths in the rate of 
letlial action. For instance, in Fig. 1, curves 1 
to 3 show the lethal effect for algae (Chlorella 
vulgaris) ; curves a,b,c, and d for Ixicleria 
{Staphylococcus aureus), from data by Gates. 
However, it should be pointed out that while 
the.se are in each case curves of equal dosage 
plotted with percentage killing against wave- 
length, corresponding curves represent two or- 
ders of magnitude less energy for bacteria than 
for algae. Because of the great difference in 
relative lethal action, it has been possible to free 
algae from tecteria where presumably the two 
present symbiotic relationship. 

On the other liand, compare these curves with 
curve e, an average curve prepared by Cob- 
lentz^®^ for the relative erythemal effect of equal 
energy. As a further evidence of selectivity and 
differentiation, note the marked difference in 
character of this curve from the relative lethal 
effect on simpler organisms. 

Mercury arcs and high temperature carbon arcs 
without filtration are in every day use. The re- 
sults of treatment with such sources are common- 
ly referred to simply as ultraviolet treatment. 
Yet the mercury arc not only radiates at various 
wavelengths from 225 to 313 m/x, but also pre- 
sents a very strong line at 365 ni/x, others at 405, 
436, 546, 578 m/x, and a strong line under certain 
conditions of excitation at 1.1 /x. The carbon arc, 
on the other hand, radiates with increasing inten- 
sity as we pass from the ultraviolet through the 
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visible, reaching a maximum between 700 and 
8(X) m/ui, thereafter decreasing very slowly toward 
longer wavelengths. While the relative spectral 
emission in the blue and ultraviolet may be in- 
creased markedly by the introduction of salts into 
the core of the carbon, by all odds its greatest 
radiation occurs in the near infrared, and the 
visible far outweighs the near ultraviolet. Under 
these circumstances, conclusions as to the cause 
of observed effects, without some effort at de- 
termining the energy absorbed and effective may 
certainly be misleading in the extreme. 

In order to further clarify the requirements 
which we must place upon radiation measure- 
ments, it is necessary to bear in mind certain of 
the simpler considerations of absor})tion mechan- 
ism. For a wavelength corresponding to a fre- 
quency V, the molecular system changes in energy 
content by an amount Ea — Ei = hi^, where h is 
Planck’s constant. The energy absorbed may af- 
fect the molecular system in a variety of ways. 
Small amounts of energy may be thought of as 
simply changing the speed of rotation of the 
molecule as a whole. Wavelengths producing 
this type of energy change lie in the deep in- 
frared outside the region of immediate concern. 
PYom 0.9 to 2.5 /*, most of the energy absorbed 
goes into changing the vibrational state of the 
molecule, namely modifying the vibrations of the 
atoms with respect to each other. Accompanying 
such vibrational changes are rotatioiml changes as 
well. The latter, however, involve relatively .small 
energy differences. A curious observation of 
great importance is that such absorption seldom, 
if ever, leads to the dissociation of the molecule. 
Energy present in vibration within liquid or 
heterogeneous phase apparently quickly degener- 
ates into intermolecular motion, thus re.sulting in 
a rise in temperature. For this reason we are 
probably justified in regarding the infrared be- 
yond roughly 900 ni/i as producing simply ther- 
mal changes. It is evident from this standpoint 
that infrared therapy should be regarded as a 
fonu of thermal therapy. 

The region from the visible to 1.4 ft and to some 
extent as far as 2.5 ft is of imrticular interest be- 
cause of the fact that here we find the greatest 
transparency within the general range under dis- 
cussion. Energy can be detected through as much 
as 5 mm. of flesh. Since the fall in energy is 
roughly exponential, most of the energy is, how- 
ever, absorbed in the first mm. According to the 
observations of Bachem and Reed, some 60 to 
70% of radiation between 750 and 900 nifi are 
transmitted through the epidermal layers. Ap- 
proximately 50% of the incident radiation is ab- 
sorbed in the cerium, from 17 to 20% reaching 
the sub-cutaneous tissue. The observations of 
Cartwright^^^ place the maximum transmission be- 


tween 1.0 and 1.2 ft, though he reports consider- 
ably larger percentage of transmission. Recent 
work of Hardy (unpublished) supports the small- 
er values observed by Bachem and Reed, but 
places the maximum of transmission more nearly 
in agreement with Cartwright. Exact evaluation 
of the transmission characteristics of the different 
cutaneous and sub-cutaneous layers is complicated 
by the large degree of scattering of radiation 
which is encountered. Maximum penetration is 
deteniiined by three considerations : the absorp- 
tion of water, the absorption of tissue, and the 
scattering. 

Without going further into the nature of the 
absorption in this region, certain general conclu- 
sions can be drawn. The ordinary infrared thera- 
peutic lamp which appears dull red has its maxi- 
mum in the region from 4 to 5 ft, where such 
radiation is ab.sorbed in the superficial layers and 
can hardly conceivably be different from other 
types of superficial thermal treatment. If pene- 
tration has a definite therapeutic value, one should 
use the high temperature tungsten lamps or car- 
bon arcs, filtered through from 1 to 5 cm. of 
water, in order to remove the surface absorbed 
component of radiation. Or better yet, if one 
isolated the 1.1 ft mercury line, one would then 
have the ideal source of penetrating radiation. 
Using unfiltered solar radiation, Sonne^*^^ has re- 
ported temperature increases of some 4 degrees 
al)ove the surface temperature, at 5 mm. below 
the surface. Laurens and his co-workers have 
failed to support the large temperature increases 
he has observed at greater depths. If radiation 
in the region of maximum transmission were 
used and the surface temperature maintained by 
water cooling, greater temperature differentials 
could be obtained than those possible with un- 
filtered radiation. 

In the visible and near ultraviolet, absorption 
of radiant energy produces chiefly a change in 
electronic configuration. This may be accom- 
panied by smaller energy changes due to vibra- 
tion and rotation. As a result of such cliange in 
electron configuration, 

1) no external cliange may take place, the elec- 
tron configuration returning to normal with 
emission of energy (fluorescence), or 

2) dissociation may occur, leaving the compo- 
nents either 

a) in their normal or least energetic electron 
configuration, or 

b) one or more of the components may be 
left in a higher electron configuration, thus 
being capable of special function, or 

3) the energy may be lost by interaction with 
other atoms or molecules, which is termed 
second class collision. 

It may be desirable to examine a little further 
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the effects which ensue from these primary 
changes. 

Dissociation 

While dissociation may conceivably result in 
the production of ions, there is little evidence of 
such occurrences in this region. However, it 
must be bonie in mind that most evidence in re- 
gard to mechanism is drawn from gas phase ob- 
servations, and the conditions in liquid and heter- 
ogeneous phases are much more favorable to 
ionic diss(x:iation. A mass of evidence exists in- 
dicating the common occurrence of dissociation 
into atoms and free radicals. These set in motion 
many types of chemical reactions which would 
otherwise require large amounts of energy, or on 
the other hand, where the process is exother- 
mal, may procJuce long chain reactions. The 
types of reactions observed depend upon both the 
absorbing molecule and its surroundings. Hence 
the great possibility of both specificity and 
variety. 

Sensitization 

The alternative mechanism, that of transfer of 
energy without chemical reaction, while liaving 
been clearly established in gas phase, lias not been 
definitely shown in liquid and heterogeneous 
phases. However, since there has been little con- 
clusive work in this field it remains a very inter- 
esting possibility. The sensitization of photo- 
graphic plates, photosynthesis, cases of specific 
sensitivity such as h}'droa have often been attri- 
buted to this mechanism. In other words, a large 
variety of photobiological effects in which the 
concentration of absorber remains more or less 
stationery have been attributed to sensitization or 
second class collision. Such conclusions are, how- 
ever, very uncertain, since many mechanisms for 
cyclic regeneration of the original material can 
readily be proposed. 

If the quantum of energy is sufficiently great, 
undoubtedly the electron is removed from the 
molecule. This may cKCur either with or without 
immediate dissociation. From experience with 
better known gas phase phenomena, electron es- 
cape, while certainly occurring in the X-ray 
region, would not be expected to occur in the vis- 
ible and near ultraviolet. However, the effect of 
neighl)oring molecules which are inevitably pres- 
ent in liquid, heterogeneous and solid phases may 
readily make electronic escape possible and pro- 
bable. Much further work on even primary 
mechanisms is required in this field. 

With these postulated mechanisms in mind, 
what conclusions can we draw regarding wave- 
length specificity or selectivity? 

1. A molecule associated with the immediate 
system affected must present absorption to radia- 


tion. Since absorption bands in the visible and 
near ultraviolet may be narrow and since the rela- 
tive absorptive powers may mount by many logar- 
ithmic units, the difference in effect of one wave- 
length from another is likely to be enormous. 
This point cannot be too greatly emphasized. 
Since sources in common use, such as the mer- 
cury arc, may be thought of as radiating to all 
intents and purposes at certain definite wave- 
lengths and practically not at all at other inter- 
vening wavelengths, the wavelengths at which a 
line occurs determines whether it produces a 
great effect or none at all. 

2. Absorption may take place but the energy 
of a single quantum may be insufficient to bring 
about the reaction. As a result the absorbed 
energy may be reemitted in fluorescence or de- 
generate into heat with no result. In such cases, 
one is dealing with a threshold or longest wave- 
length for which the photochemical action may 
take place. In gas phase, these occur sliarply and 
are often readily established. In a biological sys- 
tem, however, due to tlie effects of neighboring 
molecules these are likely to extend over ten or 
more m/4. In cases where no absorption occurs 
in the region of the threshold, one can gain little 
definite information about the threshold. How- 
ever, if the threshold occurs within a band, one 
finds that for shorter wavelengths a photo- 
chemical reaction takes place, while for the longer 
wavelength side of the band no reaction ensues. 

3. Still other considerations may modify the 
effectiveness of absorbed energy. Competing re- 
actions may interfere with the end effect ob- 
served. Possibility of degradation of energy 
without producing the particular effect may lead 
to low efficiency. Altogether then many mechan- 
isms interfere with the end result. Consequently 
the efficiency with which absorbed energy contri- 
butes to a possible reaction may vary over a wide 
range. 

Three things then are essential to our knowl- 
edge of a photochemical mechanism: 1. absorp- 
tive characteristics, 2. threshold or quantum suf- 
ficiency, 3. quantum efficiency. These three 
things determine the overall sensitivity or res- 
ponse to equal energy incident at different wave- 
lengths. In all this, we are assuming that the 
energy is actually incident upon the absorbing 
molecule. The intervention of screening material 
such as inert pigment or tissue will of course 
modify the apparent result. For instance, the 
minimum which we note in Fig. 1 for erythemal 
effect, occurring at 280 m/*, occurs in a region 
of enhanced absorption, according to Bachem and 
Reed. Thus at least a part of the fall in erythe- 
ma! effectiveness in this region may be attributed 
to screening. 
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FIGtJRE 1 

Upper section. Pull lines curves — ^lethal effective- 
ness Staphylocoocas aureus (Gates). Dosage: a) 50 
ergs/mm.2 b) 100 ergs/mm.2 c) 250 ergs/mm.2 
d) 500 ergs/mm.2. Dash-dot curves — relative lethal 
effect for alga Chlorella vulgaris for different dos- 
ages (Mieicr). Dotted curve e — erythemal effective- 
ness (Coblentz). 

Middle section. Absorption coefficient of unir- 
radiated ergosterol, concentration 80 milligrams per 
liter (Reerink & van Wijk). 

Lower section. Relative sensitivity of silver and 
titanium photocells. Full line curves in corex D. 
Dotted curves in thin corex A. 

As an illustration of these points, let us con- 
sider certain restricted aspects of the transforma- 
tion of ergosterol into vitamin D. Curve A, 
middle section, gives the absorption coefficients 
determined by Reerink and van Wijk.<^^ Pre- 
sumably the energy initiating the first step in the 
transfoiTnation of ergosterol into vitamin D is 
absorbed somewhere in this region. The absence 
of absoq)tion at longer wavelengths, would be 
sufficient to prevent any effect taking place at 
longer wavelengths, regardless of the photo- 
chemical threshold. If the quantum energy re- 
quired to produce the reaction is small compared 
to that available in this region (over 95 k. cal. 
per mol) it is readily possible that the introduc- 
tion of a sensitizer providing the necessary ab- 
sorptive character may enable this reaction to pro- 
ceed even in the visible. Or on the other hand, 
a molecule absorbing the visible might through 


dissociation initiate a somewhat similar reaction 
or series of reactions resulting in biologically 
potent material. Evidence bearing on this matter 
will be presented later in the symposium by Dr. 
Karl Meyer. 

Furthermore, it does not follow tliat the trans- 
formation of ergosterol into vitamin D or even 
the first step in this transformation will necessari- 
ly follow the absoq>tion curve. Recent evidence 
has indicated that a number of intermediates 
occur before the formation of biologically active 
products. Intermediates luminesterol and tachys- 
terol are both reported to have major absorption 
in the region of 280 ni/*, and in the vicinity of 
265 ni/A, the latter also showing a band at 294 
m/jt, while a strong band is attributed to calci- 
ferol or one form of vitamin D at 265 m/i.^®^ Un- 
questionably over-irradiation leads to biologically 
inactive material. While it is beyond the scope 
of this discussion to attempt to adequately treat 
the evidence at liand in this rapidly moving field, 
let us consider some of the implications of the 
evidence cited. If luminesterol and tachysterol 
represent way stations in the transformation of 
ergosterol into vitamin D and as has been con- 
tended, radiation is necessary for each successive 
step, the overall process should proceed with 
much greater efficiency in the region of 294 ni/*, 
where luminesterol presumably represents rela- 
tively less absorption. It should be possible for 
the process to proceed and the product to be 
formed in the region of 265 m/x, inasmuch as both 
IX)stulated intermediates present absorption. If 
now absorption by calciferol leads to the forma- 
tion of biologically inactive material, the same 
wavelength, 265 nifi, which leads to its formation 
might also simultaneously lead to its destruction, 
so that the concentration of active product would 
depend upon a balance of rates. 

On the basis of this premise, the overall effi- 
ciency for the transformation of ergosterol into 
active product should exhibit a wide variation. 
While the evidence at hand is entirely inadequate 
to arrive at any definite conclusions as to mechan- 
ism, it is evident tliat while absorption is a neces- 
sary condition for photcxrhemical reaction, it tells 
relatively little concerning overall effectiveness. 

In view of the considerations regarding effi- 
ciency which have just lieen discussed, the results 
obtained by J. W. M. Bunker from monochro- 
matic treatment of albino rats, using mercury arc 
source, are of particular interest. This work was 
reported at the Conference on Spectroscopy at 
Massachusetts Institute of Technology on July 
19, 1935. The energies required for minimal 
dose according to figures which I have received 
indirectly are given in the second column with 
corresponding wavelengths in the first. 




270 


F. S. Bjrackett 


1 


Transmission 
of Comeum 

■s 

a 

9 -a 

Wavelei 
in A. 

1 

ll 


3654 





3022 

750,000 

35% 

262,000 

.05 

2967 

450,000 

307o 

135,000 

.2 

2804 

570,000 

15%. 

85,500 

.4 

2652 

670,000 

16%. 

107,000 

.3 

2536 

720,000 

18%. 

130,000 

.18 


The longest wavelength for antirachitic effect is 
greater than 3022 A. Greatest overall effective- 
ness appears to be in the region of 2967 A. 

If we assume that the corneum acts as an in- 
ert screen, these values should be corrected for 
transmission. Lacking specific data for the speci- 
mens used, we might assume values taken from 
the curves by Bachem and Reed, We now obtain 
the least energy for minimal dose in the region of 
2804 A, the longer wavelength side of the band 
proving on the whole less efficient than the 
shorter. However, we are still dealing with 
energy incident, rather than energy actually ab- 
sorbed. Since no data are available for the ab- 
sorption of ergosterol or any of its products in 
vivo, nothing can be said as to the al)sorbed 
energy. It will be noted, however, on compari- 
son with the absorption coefficients obtained in 
solution, that the least transmitted energy is re- 
quired in the region of greatest absoq:)tion coeffi- 
cient, and that a roughly reciprocal relation exists 
for all other observed values. There is no evi- 
dence from these data of any sharp changes in 
efficiency within the Ixind such as might have 
been expected from the absorption bands of in- 
termediates and product. One might question 
whether the intermediates identified necessarily 
act as way stations, or rather possibly as simply 
alternative courses by which biologically active 
product is reached. 

A further observation can be made which I be- 
lieve is of considerable importance. Since ap- 
proximately twenty times less erythema results in 
equal energy exposure at 280 as against 300 nift, 
it is immediately evident that far greater thera- 
peutic effectiveness could be obtained for minimal 
erythema by irradiation at 280 nijit as against the 
usual practise of using sources rich in the region 
of erythemal resix>n8e. Magnesium offers a 
group of lines which are excellently placed for 
this purpose. No l)etter illustration could be 
found for the fallacy of using the erythemal re- 
sponse as a measure of therapeutic effectiveness. 
It should l)e further noted that the erythemal re- 
sponse curve extends to somewhat greater wave- 


lengths, approximately 10 m/iA, than does the ab- 
sorption curve of ergosterol. While this interval 
may seem relatively small, it has considerable 
bearing on the effectiveness of solar radiation, 
which during a large part of the year does not 
extend in appreciable intensity to the region of 
effectiveness observed by Bunker. However, the 
longest wavelength of obseiwable antirachitic ef- 
fect will have to be determined at very high in- 
tensities in order to make any valid observation 
on the effectiveness of solar radiation, which rises 
so rapidly in intensity from its shortest percepti- 
ble wavelength. 

Let us now turn to an examination of what 
means we have at our disposal for measuring, 
producing and isolating radiation. The black 
tedy, being one which absorbs all radiation fall- 
ing upon it, and transforms such radiation into 
heat, is the inevitable starting point for the meas- 
urement of radiation. For the purpose of this 
discus.sion, we shall assume that the distribution 
of radiant i)Ower as a function of wavelength is 
known for any tem]3erature of black body and 
that the temperature of the black bexly is readily 
determined by means of pyrometer or thermo- 
couple. Furthermore, since all radiation incident 
uix)n a black body is totally a])sarbed regardless 
of wavelength, it.s thermal equilibrium provides 
an immediate measure of radiation indei)endcnt 
of wavelength. Without going into the details re- 
garding black body detectors, since thermocouples 
with blackened receivers will serve that puq^ose, 
we may regard such a means as always at our 
disposal. Since such a black lx>dy detector ab- 
sorbs all wavelengths, it immediately gives us a 
measure of total radiation. However since most 
sources emit more radiation in the near infrared 
than they do in the visible, the infrared is likely 
to receive the most weight in total energy meas- 
urement. Since the percentage of total radia- 
tion which is emitted in the visible or ultraviolet 
is small, total radiation measurements are of no 
value in immediately determining the energy in a 
particular region unless the distribution of energy 
as a function of wavelength is accurately known. 
Furthermore, where filters are used to isolate 
particular parts of the spectrum, for instance red, 
yellow, green, or blue, it cannot be assumed that 
these necessarily remove the infrared. In the 
majority of cases, they do not. Red and yellow 
filters in general freely transmit the infrared. 
Some green filters remove it, while others do not. 
Most blue filters transmit a large part of the in- 
frared energy. Since most sources emit most 
strongly in the infrared, thernuxouple measure- 
ments on source plus filter are chiefly measures 
of infrared transmission. 

It happens that we have a wide range of filters 
which transmit all longer wavelengths and absorb 
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all shorter wavelengths, with a reasonably sharp 
transition range. A fairly well-graded set of fil- 
ters may be found with cut-offs occurring any- 
where from 700 to 240 ni/u. Such filters offer a 
number of very interesting possibilities. If a con- 
tinuous source emitting radiation at all wave- 
lengths is combined with a short wave cut-off fil- 
ter, a series of exposures may be made with 
shorter and shorter short wave limits. By this 
means, the longest wavelength for which a photo- 
chemical reaction will occur may be roughly de- 
termined. 

Coblentz^®^ has proposed an ingenious meth- 
od by which a theniiocouple may be used to 
determine the radiation in a limited range. A 
thermocouple is constructed with two opposing 
junctions which if equally illuminated yield no 
deflection. If two filters are chosen which differ 
only in short wave cut-off, one may be placed 
over each couple. The resulting sensitivity arises 
from the difference in tran.smission of the two 
filters. Thus, in Fig. 2, in the top section, let us 
consider the transmission curves of barium flint 
(BF) and corex D (CD). It is assumed tliat 
for all wavelengths longer than 400 ni/i. the two 
transmission curves coincide. Thus the balanced 
tlierniocouple method with these two filtcr.s yields 
a sensitivity curve indicated CD-BF in the mid- 
dle graph. If quartz is combined with barium 
flint, one obtains the sensitivity curve Q-BF. 
This latter curve has been proposed by Dr, Cob- 
Icntz as a standard means of measuring ultravio- 
let radiation. It kis the great advantage of being 
non-selective from 260 to 320 m^n. Since most of 
the important lines of mercury in the ultraviolet 
occur between 254 and 313 iii/a, all in a range of 
practically constant sensitivity, and then very 
little radiation until 365 m^t, such a detector fur- 
nishes an excellent method for evaluating the 
energy short of 330 m/i in a mercury arc. How- 
ever, if some source were to be used which ex- 
hibited strong radiation at longer wavelengths 
than 320 m/t, such a detector would lead us into 
great error if we were to make direct compari- 
sons with the mercury arc. 

Let us now consider such a detector as a means 
of evaluating the er}'themal effectiveness of a 
source. For this purpose, the erythemal effec- 
tiveness curve has been plotted on the same 
graph, dotted line E. Evidently, if the standard 
balanced thermocouple method were used to com- 
pare a magnesium arc having a strong line in the 
region of 280 nift with the mercury arc having 
strong lines at 297 and 302 m/m, the results would 
not be at all in proportion to erythemal effective- 
ness. In order that the results may be fairly in- 
terpreted it is necessary to have a complete 
knowledge of the relative energy radiated at each 
wavelen^h. 



FIGURE 2 

Upper section — transmission of filters. 

BF — barium flint 3.18 mm. thickness 

CD — corex D 2.3 mm. 

CA — corex A 2.86 mm, ” 

Q — ^fused quartz 4.7 mm. 

Center section — sensitivity of detectors and ery- 
themal response curve. 

Q — ^BF Balanced thermocouple with quartz and bar- 
ium flint filters 

CA — BF Balanced thermocouple with corex A and 
barium flint filters 

CD — BF Balanced thermocouple with corex D and 
barium flint filters 
E Erythema 

ZnS-1 Lithopone A (Brickwedde) 

ZnS-2 Balanced zinc sulphide method with quartz 
and barium flint filters. 

Lower section — response to solar energy. 

Sun Solar energy (Brian O’Brien) 

S Response of standard balanced thermocouple to 
solar energy 

ZnS-2 Response of balanced zinc sulphide detector 
to solar energy 

E Erythemal response to solar energy 

Another method which has had fairly wide use 
is the zinc sulphide method developed by Janet 
Howell Clark. This has the advantage of escap- 
ing Ihe necessity of Uvsing electrical instruments. 
Its sensitivity of response is indicated by Curve 1. 
If comparative darkening is observed with and 
without a l)arium flint filter, a sensitivity curve 
of the type ZnS-2 may l)e obtained. Evidently, 
such a response curve fits more closely the ery- 
themal curve than does the balanced thermocouple 
method. 
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In order to illustrate the difficulty into which 
one may be led unless accurate corrections can 
be made fix>m knowledge of radiation distribu- 
tion, let us attempt to evaluate the solar energy 
effective in erythema. I'o this end, the solar 
energy curve under certain particular conditions 
has been plotted from data by Forsythe, rela- 
tive energy being indicated at the right and wave- 
length at the lx)ttom. The response by means of 
the balanced thermocouple is indicated by S in 
the lower graph. The response of the zinc sul- 
phide method ZnS-2 is also plotted and finally 
the energy actually effective in erythema by full 
line curve e. It is immediately evident that both 
methods of detection respond to an enormously 
greater range of wavelengths than does erythema. 
If the short wavelength limit of solar radiation 
were to shift to 310 m/t, relatively little erythemal 
effect would remain, whereas both detector 
methods would still show a large response, though 
the zinc sulphide method would follow more 
closely the relative erythemal effectiveness. While 
of course most of the work in which such methods 
have been utilized has been with full knowledge 
of these difficulties and corrections made as far 
as possible, obviously unless the solar distribution 
curve were accurately known under each set of 
conditions, relative evaluations might be in error 
by a considerable magnitude. 

From this type of discussion, one realizes the 
importance of having detectors which follow 
closely the response curve of the phenomena to 
be measured. In other words, one desires a type 
of weighted energy measurement if one really 
wishes to evaluate the relative effectiveness of 
different sources or of the same source under dif- 
ferent conditions. Furthermore, the use of such 
a weighing curve requires a complete knowledge 
of the overall eflPect, wavelength by wavelength, 
for equal energy. Tliis can only be done by 
means of a monochromator or some apjjaratus 
which isolates a narrow wavelength band. Then 
the photochemical response can be determined for 
each wavelength range and compared with the 
energy as deteniiined by means of a thermo- 
couple. Another difficulty arises from the fact 
that the relative energy required at each wave- 
length may differ markedly for different degrees 
of the same effect. This is particularly so in the 
case of erythema, where the relative sensitivity in 
the short and long wavelength maxima reverses 
itself for high erythema as compared to low. 
Thus, really critical agreement could be obtained 
only for one particular degree of effect. 

Two radiation phenomena in connection with 
physiology, which have received especial atten- 
tion, are erythema and vision. Such relative sen- 
sitivity curves may be used as weighting curves 
in the valuation of energy effectiveness and a 


system of units may be established for measuring 
effectiveness. On this basis, for vision the whole 
illuminating system has been built, and on a simi- 
lar basis an erythemal system has been established 
by the Council of Physical Therapy. Without at 
the moment going into further detail regarding 
the steps by which such a perfectly definite sys- 
tem of measurement can be established, let us 
emphasize one point. Such a system is absolute- 
ly good for nothing else than for measuring visual 
effectiveness or erythemal effectiveness as the 
case may be. Yet continually these two systems 
are being used for other purposes. Photocells 
having response curves not in the least like the 
visibility curve are customarily specified in terms 



FIGURE 3 

Relative sensitivity curves of commercial photo- 
cells. 

1. PJ-22 vacuum; G. E. (manufacturer), 0.9 sq. in. 

(area). 

lA. PJ-28 gas-filled; G. E.; 0.9 sq. in. 

2. Visltron type AV, quartz envelope, vacuum; O. 

M.; 1.1 sq. in. 

2A. Visltron type A, quartz envelope, gas-filled; G. 
M.; 1.1 sq. in. 

3. Western Electric, vacuum; Western Electric. 

3 A. Western Electric, gas-filled; Western Electric. 

4. FJ-114; G. E.; 0.9 sq. in. 

5. FJ-76; G. E.; 2.1 sq. in. 

6. Weston Photronic cell; Weston Electric; 1.7 iq. In. 
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of lumens. Evidently the sensitivity in lumens 
will vary for every different type of radiation dis- 
tribution. Without specifying the source of radi- 
ation used in calibration, sensitivity of photocells 
in lumens is absolutely meaningless. This is well 
illustrated by the sensitivity curves of different 
photocells given in Fig. 3. Curves 1 to 4 show 
the different t)q3es of caesium on caesium oxide 
on silver photocells most widely used. The cor- 
responding dotted curves are for gas-filled cells 
with the same type of surface. In view of the 
great sensitivity which these cells exhibit in the 
near infrared, it is evident that the ratio of visible 
to infrared radiation from the source will greatly 
modify the response for a given luminous equi- 
valent, The results obtained are critically depen- 
dent on the temperature of the source. Only the 
photronic cell, No. 6, at all approximates the 
visible, and even it extends over a much wider 
range. 

Ecjually meaningless is the specificati(m of a 
[>iological reaction other than vision in terms of 
lumens or other units of the illuminating system. 
Furthermore, evaluation of therapeutic effective- 

WAve kCNOTN 



FIGURE 4 

Relative aensltivity of special photocells. 

1. Alkali metals (Hughes & Dubridge) 

Li, Na, K, Rb, (Pohl and Pringsheim) 

Os (Campbell and Ritchie) 

2. and 8. Westinghouse ultraviolet photoelectric cells 

(Rentschler). Pull line curves in thin glass; 
dotted curves in quartz. 


ness in terms of erythemal response is equally 
misleading unless therapeutic effectiveness very 
closely follows erythemal response. There is 
so far as I know absolutely no reason for 
assuming such a relationship. To measure 
therapeutic effectiveness by means of erythemal 
resix)nse is to measure it wholly by its damaging 
effect. This can have no meaning unless the sole 
benefit of radiation therapy arises in some way 
from the apparent injury as shown by erythema. 
The work recently reported by Bunker definitely 
establishes the fallacy in existing procedure. 

As soon as the response for a given pheno- 
menon am be established by means of a mono- 
chromatic study, it is readily possible to devise 
instruments which fairly closely follow the 
response curve of the phenomenon. When a good 
fit is obtained between the detector, sensitivity 
curve and the observed phenomenon, such an in- 
strument furnishes an accurate measure of 
dosage. Fig. 4 shows a variety of photocells 
which lend themselves in combination with filters 
to the detection of almost any region of the spec- 
trum. The upper section shows the common al- 
kali metals, while the two lower sections show 
sensitivities obtained by Rentschler from specially 
constructed photocells. The short wave cut-off 
can readily be modified by use of filters, or ex- 
tended to shorter wavelengths if the photocell is 
constructed in quartz. 

As an example of a special detector, let us con- 
sider the desirability of determining the penetrat- 
ing component of radiation for thermal treatment. 
In Fig. 5, I have shown the transmission curve 



Flesh transmission and special detectors. 

Full line curve F — transmission of 5.0 mm. thick- 
ness of flesh (Cartwright, Forsythe et al). 

Dotted curve C — thermocouple with filters ame- 
thyst -f heat resisting yellow shade yellow. 
Dash-dot curve T — thaloflde cell. 

obtained by Cartwright^^^^ and corrected for sur- 
face reflection by FoivSythe, and by means of the 
dotted curve C the response of a thermocouple 
with suitable filters which very closely approx- 
imate the transmission curve. Such a detector 
would very readily enable one to determine the 
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amount of penetrating radiation present in any 
source, provided of course that the transmission 
curve of flesh has l>een correctly evaluated. The 
sensitivity of a thalofide cell has also been plotted, 
which falls fairly well in the region. Of course 
the selection of radiation distribution on the basis 
of penetration will be determined by the depth at 
which one wishes to obtain the maximum energy 
ab.<iorhed. On the basis of Bachem and Reed’s 
measurements, if one wishes to obtain the maxi- 
mum absorbed energy in the malpighii, one would 
dhoose a distribution Iiaving a maximum in the 
region of 400 m/A. 

As a further illustration of the possibility of 
fitting biological resix^nse curves, Fig. 6, u|)per 
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FIGURE 6 

Visibility and special detectors. 

— visibility. 

Dotted curve — sensitivity of Weston photronic 
cell heat resisting heat absorbing dark, 2.82 mm. 
thickness ^ Noviol 0, 16 mm. thickness (Corning 
filters). 

section, shows the relative vi.sibility curve ob- 
tained by combining the photronic cell with suit- 
able filters. While the agreement is excellent, for 
the most part, il will be seen that if a selective 
emitter were used which presented a strong line 
in the region of 500 nijn, the response of the de- 
tector would be disproportionate to the visual 
response by a factor of some four times. Yet 
the full response of the photronic cell, which di- 
verges widely from the visibility curve, is in every 
day use for photometric determination of all types 
of sources. 

While such control instruments, approximating 
different types of biological response, are of great 
value in carrying out controlled experiments, their 
limitations should be clearly recognized. The dis- 
tribution of energy of the source should be taken 
into consideration in detennining the amount of 
error incurred. A second difficulty in establish- 
ing definite weighting curves and developing in- 
struments whose response curves follow those 


weighting curv^es is that early determination of 
the monochromatic response may be crude, and a 
whole system of units and measurements estab- 
lished on so unsatisfactory a basis that it will 
have to be modified, thus throwing all earlier data 
out of line. Such has repeatedly been the case 
in the illuminating system. A further danger is 
that such units will be used for other phenomena 
to which they do not apply. 

Where one finds complicated response curves, 
it is often impossible to simulate those curves in 
a single detector. Turning again to Fig. 1, the 
combination of two ])hotocells has been suggested, 
by which energy in the different parts of the 
ultiaviolet can in a measure be determined. The 
titanium cell must he used with a suitable thick- 
ness of glass, in order to obtain the full line 
curve. If placed in corex A, one obtains the sen- 
sitivity indicated by the dotted curve. 

In conclusion, let us emphasize tliat monochro- 
matic determinations on radLation effectiveness 
are essential to any real progress in the radiation 
field, and that the establishment of .special units 
of measurement are fraught with great danger 
and have been responsible for much of the chaotic 
condition which now exists. 
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Di.scussion 

Dr, Blum: Brackett has indicated many im- 
poi-tant points to be kept in mind in the study 
of the effects of radiant energy on living systems, 
none of which can l)e too much emphasized. I 
am particularly interested in his pointing out that 
the use of illuminative system units, i.e. lumens, 
lamberts, etc. is confusing when applied to studies 
on organisms other than man. These units are 
based on the spectral sensitivity of the human 
eye and are not interpretahle when applied to an 
organism having a spectral sensitivity different 
from that of the human eye, and are not inter- 
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pretable when applied to an organism liaving a 
different spectral sensitivity unless the character- 
istics of the source are specified, c.g. the color 
temi>erature of a tungsten lamp. 

With regard to units, I should like to suggest 
tliat it might be more logical to express spectral 
sensitivity of organisms in terms of relative num- 
ber of quanta rather than relative energies, since 
these sensitivities are related to photochemical re- 
actions which are dependent upon number of 
quanta. The conversion from energy units to 
relative number of quanta is easily made, of 
course, by multiplying by the wavelength. The 
difference may not be significant, although it rep- 
resents a considerable factor when comparing 
sensitivities over a wide wavelength range. 

Dr. Brackett : I think that the latter point is 
well taken. We shcuild really consider the nuni- 
\ytT of quanta. Of course, if wavelength and 
energy are specified, it is sufficiently definite. So 
much confusion has arisen from the use of units 
which are completely indeterminate tliat I was in- 
clined to eni[)liasize that {X)int especially. 

Dr. Blum: I wonder if the intelligent use of 
filters will not be more practical than the use of 
a monochromator in many cases, because of the 
possibility of obtaining higher intensities. 

Dr. Brackett : As to the relative merits of fil- 
ters and monochromator for restricted wavelength 
l)cinds, the transmission of a good monochroma- 
tor generally exceeds that of a band pass filter. 
The transmission of a monochromator may lie in 
excess of 40% so that for the solid angle which 
it can handle it is likely to be superior to “mono- 
chromatic filters^’ which commonly range from 3 
to 35% transmission. 

As I have mentioned there are excellent short 
wave cut-off filters which transmit in excess of 
80%. Where the longest wavelength of effec- 
tiveness is ill question they are especially useful 
or where it is desirable to remove known com])li- 
cating short wave reactions. Unless one requires 
a very large solid angle of irradiation, the only- 
disadvantage peculiar to the monochromator is its 
expense. 

if one wants a wide band, the slits can be 
opened up and still give sharp edge cut-off. In 
one case the filter has particular advantage. When 
one wishes to build up the radiation density by 
cross-firing, it is readily possible with filters. Of 
course, more or less the same thing can l>e done 
by a battery of monochromators, provided the ex- 
pense is not prohibitive. So far as expense is 
concerned, there is a wide range of experiments 
which can be done with a liquid prism. If the 
prism is placed with the refracting edge horizon- 
tal, stratification of layers with different temi)era- 
ture may be allowed to develop, the only result of 


which is to change the apparent dispensive power 
of the prism. Furthermore, a large part of the 
energy incident on the prism may be cut out by 
preliminary filtration, thus minimizing the ther- 
mal effect on index of refraction. Such a mono- 
chromator may be built up with relatively little 
expense. 

Dr. Mestre ; In connection with the subject of 
low cost large aperture monochromators, there 
are several possibilities which should, 1 think, be 
mentioned. The first is the use of the simple and 
ingenious instrument designed by G. R. Harrison 
at the Massachusetts Institute of Technology and 
employed by Bunker in the rat radiation experi- 
ments mentioned by Brackett. This instrument 
has been fully described in tlie Rev. Sci. Inst. 5: 
149-152, so that it will be only necessary to men- 
tion here that the disjjersing system is composed 
of an 8 inch concave mirror of 96 inch radius im- 
mersed at an angle in a l)asin of distilled water. 
All of the important Hg arc lines are easily iso- 
lated, and working at f.6 in the range 4000-2500 
A, the energy output was equivalent to that ob- 
tained with a 3 inch quartz instrument working at 
f.3 and costing more than ten times as much. The 
use of ethyl cinnamate in hollow prisms should 
also be mentioned. The very low coefficient of 
temperature expansion of this substance greatly 
reduces difficulties arising from convection cur- 
rents and its relatively low index of refraction 
permits the use of a prism angle of 65"" instead 
of the conventional 60°, thereby materially in- 
creasing the disi)ersion. At some sacrifice of 
spectral purity, low cost and high intensities can 
be obtained by using the filament of a ribl>on fila- 
ment lamp as the entrance slit of the monochro- 
mator. 

Dr. Brackett: Wherever it is feasible to use 
the sun as a source, one can dispense with the 
first slit and collimating lens, projecting a parallel 
beam upon the prism by means of the coelostat. 
Under these conditions, one obtains, no matter 
what focal length is used, a 5(X) A spread, at a 
given point in the spectrum. In this way one can 
take advantage of the great intensities offered b}' 
the sun. 1 don’t see any reason why one couldn’t 
construct a prism 4 feet high with corresponding- 
ly large area of aperture. In this w^ay it would 
be possible to grow a large number of organisms 
in a restricted wavelength band, thus obtaining 
really adequate statistical data. Of course one 
then has to use an integrating detector in order 
to obtain time intensity dosage, since solar radia- 
tion is subject to continual change of intensity. 

Dr. Mayerson: Brackett’s paper and sugges- 
tions have interested me very much. One of the 
chief reasons for the confusion in the field of 
radiation lias been the failure of investigators to 
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accurately specify the quality and quantity of the 
energy which they were using. We should, per- 
haps, be a little lenient in our criticism, since the 
use of the only accurate methods available at the 
present time is out of question as far as the aver- 
age worker is concerned, who lacks specialized 
apparatus and training. It seems to me that there 
is urgent need of (1) dependable sources, (2) 
simple and reasonably accurate methods of meas- 
uring and specifying their energy in different 
parts of the spectrum. 

Dr. Harris: Taking an optimistic view, and 
assuming that apparatus of sufficient precision to 
make accurate measurements, of the kind Brac- 


kett has mentioned, will become increasingly 
available in laboratories, I would like to point out 
the desirability of using as great care in respect 
to biological material as in respect to physical ap- 
paratus. Too frequently one uses fine physical 
apparatus for experimentation upon biological 
systems which are not well chosen. I would like 
to urge that when and as quantitative work is 
done, we take proper account of genetics and of 
other branches of physiology in the choice and 
use of the experimental material, I think that 
exceptionally good apparatus is most desirable. 
Exceptionally good animals and plants are also 
important. 
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Introduction 

The number of abnormal conditions primarily 
and specifically benefited by radiant energy, na- 
tural or artificial, is small in comparison with the 
number for which such claims have been made. 
Everyone now appreciates the fact that sunlight 
presents one of the benefits of an outdoor life, 
that it is one of the elements of climate that 
makes for physical and mental well being, tliat in 
cxtrapulmonary tuberculosis it is an auxiliary in 
promoting healing, that in rickets certain wave- 
lengths are specific; but there is still manifest a 
tendency to exaggerate the vital importance of 
both natural and artificial sunshine and to make 
extravagant claims for it as a therapeutic force. 
Certain diseases and disabilities are partly due to 
deficient radiation, and doubtless the health of the 
community may be improved by providing more 
radiation where sunlight does not reach the small 
minimum required for health ; but sunlight is only 
one of the many environmental factors that af- 
fect vitality. Climate in its relationship to health 
is not merely a question of radiation, but of 
radiation, fresh air, wind, temperature, altitude 
above sea level, humidity, etc, ''Heliotherapy” 
includes all of these, as well as attention to diet 
and occupation. Radiant energy is of paramount 
importance to plants, but of secondary importance 
to animals. The fact that certain ultraviolet 
wavelengths activate vitamin D in the skin, and 
that exposure to sunlight promotes the healing of 
some tuberculous lesions does not imply that 
everyone is suffering from a lack of sunlight. 
Sunlight plays a subordinate part in the metabol- 
ism and vigor of normal man, who can get along 
with little of it provided his diet be adequate and 
that he take care of himself by getting plenty of 
fresh air and sleep. 

For a general review concerning the nature of 
natural and of artificial radiant energy reference 
may be made to Laurens (1). Sunlight is our na- 
tural source of radiant energy for therapeutic pur- 
poses. In many places its intensity, however, varies 
too much, or is too weak for too great a propor- 
tion of the time, to permit of its being a practical 
source. In the choice and use of an artificial 
source there are two basic considerations : ( 1 ) the 
physical nature (quantity and quality) of the 
energy emitted by the lamp; (2) the specific part 
or parts of the spectrum of sunlight found most 
efficient in the particular condition it is desired 
to treat and which should thus be sought in suffi- 
cient quantity in the artificial radiation. As arti- 
ficial sources, only the mercury vapor arc in 
quartz (low and high voltage types), the flaming 


carbon arc burning cored carbons, and "heat” ra- 
diators, have been of practical importance. It has 
been abundantly demonstrated that the penetrat- 
ing long waved luminous, and short waved infra- 
red, rays emitted by tungsten lamps (200-5(X) 
watt) or electric heaters are of value in condi- 
tions requiring deep action. These rays have a 
definite place in therapy, being indicated when it 
is wished to improve the circulatory conditions at 
some distance below the surface, in order to fur- 
nish more nutritive materials and to remove 
waste. Such radiation takes the place, in all con- 
ditions where heat applicators are indicated (con- 
tusions, sprains, fractures, congestion, swollen 
and painful polyarthritis, neuritis, neuralgia, 
etc.), of the older fashioned plasters and hot 
water bottles, towels and baths, etc. 

At the surface of the earth with the sun mod- 
erately high and a total intensity between 1 and 
1.5 gm. cal. per sq. cm. per min. (70,000 and 
105,0(X) microwatts per sq. cm.) the percentage 
of the ultraviolet is between 1 and 5, the lumin- 
ous between 41 and 45, and the infrared between 
52 and 60. When the sun is lower and the total 
intensity less, the ultraviolet is relatively de- 
creased and the infrared increased. At high al- 
titudes above sea level the total energy is in- 
creased, as is the percentage of ultraviolet, while 
the percentage of infrared is diminished. 

The radiation from the flaming carbon arc is 
the closest approximation to natural sunshine. In 
one of our lamps with 25 amperes flowing 
through the arc (Eveready "Sunshine” carbons 
% X 6 in.), the total energy emitted is 0.320 gm. 
cal. per sq. cm. per min. (22,400 microwatts) in- 
cident at a meter with a distribution of 6 p.c. ul- 
traviolet, 50 p.c. luminous and 44 p.c. infrared. 
With a Corex D screen, which eliminates by ab- 
sorption the shorter ultraviolet and the longer in- 
frared rays not found in sunlight, the total energy 
emitted is 0.287 gm. cal. per sq. cm. per min. (20,- 
090 microwatts), and its distribution 5 p.c. ultra- 
violet, 52 p.c. luminous and 43 p.c. infrared. When 
Eveready Therapeutic “C” carbons are burned in 
this lamp the total energy emitted has a value of 
0.266 gm. cal. (18,620 microwatts), with a distri- 
bution of 9 p.c. ultraviolet, 24 p.c. luminous and 67 
p.c. infrared. Compare the values for a Hanovia 
air cooled mercury lamp with a distribution (as 
given by the company) of 28 p.c. in the ultravio- 
let, 20 p.c. in the luminous and 52 p.c. in the in- 
frared; and of an old Cooper Hewitt air-cooled 
quartz mercury lamp in my laboratory with a to- 
tal energy output, when operated at between 4 
and 5 amperes, of between 0.0562 and 0,0619 gm. 
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cal. per scj. cm. per min. incident at a meter, and 
with a distribution of 13 p.c. ultraviolet, 7 p.c. 
luminous and 80 p.c. infrared. 

The amount of ultraviolet radiation shorter 
than 313 rn^i that can be applied to the body with- 
out producing a burn depends on the tolerance of 
the skin. This can l^e measured by the erythema 
produced, sj>ecifically a mild or “minimum per- 
ceptible erythema”, or one tliat disappears in the 
course of 24 hours. The spectral erythemic re- 
action is produced only by ultraviolet rays of 
wavelengths shorter than about 315 m/x with a 
maximum reaction at the wavelength 296.7 ni/x 
and a lesser maximum in the region of 250 ni/x. 
The midday, midlatitude, sea level ultraviolet 
shorter than 315 ni/x in summer sunshine with an 
intensity of from 80 to 90 microwatts per sq. 
cm. produces a minimum perceptible erythema in 


a unit based on the comparison between the 
erythema produced by measured amounts of het- 
erogeneous ultraviolet radiation, evaluated by a 
balanced thermocouple and filter radiometer, in 
which the intensity (radiant flux) should not 
lessUhan the equivalent of 20 microwatts (200 
ergs, 0.000285 gm. cal.) per sq. cm. of homo- 
geneous radiation of the wavelength of maxi- 
mum erythernogenic effectiveness, namely, 296.7 
ni/x. 

Skin 

The skin reflects and transmits different parts 
of the spectrum quite differently, and different 
parts of the lK)dy behave differently; pigment, 
liair and blood being important elements in de- 
termining the relative amount of the energy ab- 
sorbed. Figure 1 shows the relative penetration 
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FIGURE 1, Energy distribution in the layers of the skin. The number 
100 designates the applied intensity. The encircled numbers represent per- 
centages absorbed in each layer. The numbers in the narrow zones between 
layers represent the percentages of the original intensities transmitted through 
the layer above. (Bachem and Reed). 


from 20 to 45 minutes, depending on the person. 
In winter the intensity is only about 20 micro- 
watts (on the clearest days at noon) and the time 
is lengthened to from 3 to 5 hours. Forenoon 
and afternoon summer sunlight has an average 
intensity of 30 microwatts per sq. cm. 

Some sort of standardization of measurement 
and of dosage is needed in order that results may 
be compared. The total energy should be ascer- 
tained by a non-selective method that can be cal- 
ibrated in absolute units (thermopile and galvan- 
ometer), as must the erythernogenic radiation of 
wavelength 296.7 ni/x employed as a standard. 
Coblentz (2) has worked out a suggestion for 


of important wavelengths between 200 and 1400 
ni/x as determined by Bachem and Reed (3). 
Hasselbalch (4) reported a transmission of only 
0.01 p.c. of wavelength 289 ni/x through 100 fi 
of skin, Bachem and Reed find it to be approxi- 
mately 10 p.c. 

The layer of capillaries in the epidermis ab- 
sorbs the ultraviolet and a part of the visible rays 
at slight depths (red blcx)d cells, of course, ab- 
.sorbing much more than the plasma). The ab- 
sorption curve rises from the long waves to the 
short and there is a strong maximum between 
415 and 4(X) m/x. The red cells which push 
through the capillaries absorb only 5 p.c. of the 
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wavelength 680 hi/a, 92 px. of 405 irifi, and 72 
px. of wavelength 290 m^i. The blood which 
flows through tibe skin is of great importance. 
The more the capillaries are filled, so much more 
the shorter rays will be taken up by the blood 
and given up to the organism as a whole, and so 
much more the long-waved energy will pass 
through the network of blood vessels and pene- 
trate to the deeper layers of the body. Lucas (5) 
estimates that amounts varying from 55 p.c. for 
wavelength 313 xtifi to 26 p.c. for wavelength 
294 m/A may be transmitted to the dermal capil- 
laries, and that human epidermis has from 1.5 to 
30 times the transparency, stated by Hasselbalch 
(4) for radiation of wavelengths 404 m/i to 289 
ni^, respectively. 

Sonne (6) does not believe that the beneficial 
action of irradiation is to lie found exclusively in 
the ultraviolet region. During irradiation with 
the highest endurable intensity of visible energy 
he observed that the skin tenii)erature rose to 
43.8®; with outer infrared to 45.5® C. (see Fig- 
ure 2). TMfteen seconds after the irradiation the 



FIGURE 2. The heating of the skin and sub- 
cutaneous tissues during, and following, irradiation 
with the carbon arc. (Sonne). 


relation was reversed, the skin temperature after 
irradiation with visible rays being 1® C. higher 
than after irradiation with infrared rays. Ac- 
cording to Sonne the temperature of the skin 
during irradiation with outer infrared gradually 


falls from 45.5® at the surface to 37® at 1 cm. 
depth ; for visible rays the maximum temperature 
at a depth of 0.5 cm. is 47.7® C. ; during exposure 
to outer infrared the temperature at the same 
level is 41.7® C. At a depth of 0.12 cm. the tem- 
peratures are identical, namely, 44.6® C. The in- 
ner infrared wavelengths show a condition some- 
what similar to that holding for the outer, except 
that they penetrate somewhat farther and thus 
the temperature slightly below the surface is 
somewhat higher than the surface temperature. 
Skin is very opaque to the long- waved infrared. 
I'hese rays are absorbed in the outermost layers, 
and produce a tingling and painful sensation 
there, accompanied by a momentarily appearing 
and disappearing sensation of warmth, while the 
shorter infrared, as in sunlight, penetrates for 2 
to 3 cm. and produces there quite a marked in- 
crease in temperature, as a matter of fact, above 
the liighest fever temperatures ever recorded. 
Somewhat similar results were reported by Loewy 
and Dorno (7). Sonne Ixilieves this deep heat- 
ing, by the luminous and shorter infrared portion 
of the spectrum, to l)e the main feature of the 
curative action of radiant energy. In work now 
being carried out in my laboratory on the essen- 
tial function of skin pigment, we have not yet 
been able to substantiate these claims concerning 
penetration and heating. 

Erythema and Pigmentation 

The almost immediate reddening of the skin 
after irradiation with energy containing ultra- 
violet, visible and infrared rays is due to radiant 
heat (infrared and luminous rays). This heat 
hyperemia, which frequently has a mottled ap- 
pearance, is not restricted to the irradiated parts 
of the skin, and disappears soon after the irradia- 
tion. It is followed in a few hours by an erythe- 
ma due to the action of the ultraviolet rays on the 
cutaneous capillaries. The usually diffuse and 
homogeneous redness of this erythema is con- 
fined strictly to the irradiated part, and, according 
to the intensity of the radiation, may be combined 
with blistering and hemorrhage. The inflamma- 
tion lasts for some time, to be followed by peel- 
ing and pigmentation. The dennatitis, the end 
result of the aggregation of colloidal particles, is 
a pathological outcome of the skin’s physiological 
reaction. Solar erythema and the dermatitis 
caused by carlx)n and other arcs are one and the 
same thing. Finsen (8) clearly demonstrated 
that the ultraviolet rays of the sun were power- 
fully active, while some activity could be detected 
in the violet and blue rays in producing erythema. 
In an experiment in which Finsen exposed his 
own arm, of which certain areas were protected 
by colored and clear glass plates, for 20 minutes 
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to the energy emitted by a 40,000 candle power 
arc lamp, the erythema began to a]>pear in the un- 
covered parts after 3 hours, reached a maximum 
in 12 hours, decreased again after 2 days, and 
disappeared gradually in about 10 days, during 
which desquamation of the epidermis took place, 
followed by pigmentation. I'his pigmentation 
faded very slowly and could still be discerned 
after 5 months. After about 6 months the arm 
was uniformly white, but even then a definite af- 
ter-effect u[x>n the skin capillaries could be seen: 
when the ann was rubbed the skin became red, 
but the redness was less pronounced in the areas 
which had been covered during the experiment. 
The radiant energy had produced an increase in 
the excitability of the capillary wall toward me- 
chanical stimuli. 

Domo believes that all erythema is followed by 
pigmentation, and that pigmentation never occurs 
without previous erythenja. But two of the most 
experienced helio therapists, namely, Bernhard and 
Rollier, insist that pigmentation of the skin may 
take place without previous inflammation, and 
Sonne concludes that although pigmentation may 
occur as the tennmal event in photodermatitis, it 
may be produced without previous inflammation 
by grading the strength of the radiation. The 
basis of Rollier's method of treatment is the pro- 
duction of maximum pigmentation with complete 
avoidance of dennatitis, Ilausser and Vahle (9) 
pointed out that the efficient wavelengths for 
both erythema and pigmentation were in the 
neighborhood of 300 m/x, and claimed that the 
two things are very intimately connected, pig- 
mentation following the action of particular wave- 
lengths only when an erythema had been pro- 
duced, although a slight erythema might occur 
without subsequent pigmentation. Coblentz, Stair 
and Hogue (2b, 2d) have brought together the 
outstanding work on the reaction of the untanned 
human skin to ultraviolet radiation. As Figure 3 



FIGURE 3. Relative spectral erythexnic reac- 
tion of the human skin to equal amounts of radiant 
energy at various wavelengths; H. and V., Hausser 
and Vahle; L. H. and T., Lucklesh, Holladay and 
Taylor; C. S. and H., Coblentz, Stair and Hogue; 
H., Hausser. (Coblentz, Stair axid Hogue). 


shows, the wavelength range of the erythema- 
genic rays begins at about 315 m/*, and extends 
to an undetermined wavelength shorter than 240 
m/x. The er}themic response curve rises steeply 
to a maximum at 297 in/x, descends less steeply to 
a minimum at 280 ni/j., then rises to a less intense 
maximum in the region of 2S0 m/x. The ktest 
revision of the previously published data is shown 
in the following table, taken from Coblentz and 
Stair (2d) : 

Table I 


The relative spectral erythemic response of 
the untanned human skin, of average pig- 
mentation, to equal amounts of radiant energy. 


Wavelength 

(inm^) 

Erythemic 

Response 

Wavelength 

(inm^) 

Er3rthemic 

Response 

240.0 

0.56 

289.4 

0.25 

244.6 

.57 

290.0 

.31 

248.2 

.57 

292.5 

.70 

250.0 

.57 

295.0 

.98 

253.7 

.55 

296.7 

1.00 

257.6 

.49 

300.0 

.83 

260.0 

.42 

302.2 

.55 

265.4 

.25 

305.0 

.33 

267.5 

.20 

310.0 

.11 

270.0 

.14 

313.0 

.03 

275.3 

.07 

315.0 

.01 

280.4 

.06 

320 0 

.005 

285.0 

.09 

325.0 

.003 

285.7 

.10 

330.0 

.000 


The use of the erythemal reaction has been 
emphasized by many as a means of appraising ul- 
traviolet radiation. Keller (10) believes that the 
erythemal reaction cannot be used to evaluate 
biological dosage because it is not sufficiently ex- 
act and probably cannot be made so, since it 
depends upon the time after irradiation that the 
erythema is observed, upon the part of the body 
irradiated, and upon the degree of erythema 
which has arisen. Coblentz, Stair and Hogue 
(2a, b, g), on the other hand, report an agree- 
ment, closer than 10 p.c., in the erythemic re- 
action of three sources differing very widely in 
their ultraviolet spectral distribution. 

Ellinger (11) has studied the erythemal reac- 
tion on more than 2000 subjects. His method 
consists in irradiating with a quartz mercury lamp 
the inner side of the forearm through 14 aper- 
tures in a template, closed one by one at IS-sec- 
ond intervals, the irradiation thus lasting for be- 
tween 15 and 210 seconds. The number of ery- 
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thtnual areas just percc])til)le 24 lumrs later is 
noted and the threshold in seconds determined. 

'rhere is great variability in the sensitivit\ of 
different individuals, the resultant of the influ- 
ence of pigment, age, sex, and season. 

1. Iffondes are from 40 to 170 p.c. more .sen- 
.sitive than brunettes. 

2. 1'he sensitivity of children from 0 to 1 2 
\ears of age is 50 p.c,: of young ])ersons to 

\ears, 30 ]).c. ; of ])ersons older than 50. 05 
]).c. of that of those between 20 and 50 \ears of 
age, 

3. Women are some 20 p.c. less sensitive tiian 
men. 

-I In s|)ring (Alarch, April) there is a maxi- 
mum, and in summer a minimum. f(»llowing 
wliich there is a second maximum (()ct«>ber, 
Xovember) (See Figure 4). 1'he increase in the 



FIGURE 4 . Seasonal variation in erythemic re- 
action ( Ellinger i . 


'>ensitivity in March and Ajiril is probublv due to 
increased thyroid activity, the diminution, begin- 
ning in May, to adaptation. 

'i'he sensiiivit}^ in some of the “light-sickness- 
es” is different from the average normal. In 
hydroa vacciniforme it is markedly diminished. 
In summer prurigo it is as markedly increased, 
and this may be pathognomonic. In xeroderma 
])igmentosum the sensitivit) is very low. In 
psoriasis, in accordance with whether the piitients 
do well (»r ill under light treatment, the .sensitiv- 
it \ is low or high. 

Farly in his work. Fllinger met indi\iduals 
with peculiar reactions, “vegetative stigmatics*', 
or miniature Basedows, characterized by bright 
eves, marked tendency to perspire, tremor, der- 
matogra|»hic tendency, jisycholabilitv , etc. in a 
second ])ai)er (II b), he reports ^i3 ob.servations 
on such i)ersons, 1 2 men and lO women, between 


20 and 50 years of age. '‘Megetatives” as a class 
are about 2(X) p.c. more .sensitive than normals 
(.see Figure 4), brunette “vegetatives” almost 360 
p.c. and blondes only 50 p.c. more .sensitive, d'he 
iiKMUbly sensitivity curve is always higher than 
tlie normal, even in summer, indicating a les.ser 
degree of adaptation. 

Von Herginann has directed attention to the 
c<»rrelation between the incidence of ga.stric ulcers 
and vegetative .stignuiti.sm, and Ellinger stresses 
a further correlation ha.sed on increased sensitiv- 
itv to the ultravi(»let. Manv of his vegetatives 
sliowed markecl ervthema upon e.xposure to sun- 
light, as well as to the (juartz mercury lamp. W'e 
all know the .striking action of histamine and of 
the II -like substances in the jwoduction of erythe- 
ma. It is these II- substances which produce the 
r(‘ddening following irradiation designated as 
“light erythema”, and in their transport fnmi the 
ervt hemal urea we have the liasis for the fre 
(juently observed lowering of blood pressure fol- 
lowing irradiation, fflie assumption that the.se 
suh.stances, owing to their similarity to histamine, 
act also on the stomach, is a plausible one. As is 
well known, histamine lirings about gastric hyper- 
sccu’tion and hv permotilit> , two important fac- 
tors in the genesis of ulcers. Phere are numer- 
ous clinical and ext)eritnental observations illus- 
trating this relation between histamine and ulcers 

'I'he clinically oliserved increa.sed incidence of 
ulcers in the s])ring and fall is interesting, occur- 
ring at tinie^' when the sensitivity, jiarticularlv of 
vegetatives. is so high. The spring peak is easy 
to understand because, ajiart fnnu the increased 
skin sensitivity, tliere is a marked unalitative and 
(jiiantitative increase in solar ultraviolet. 1'hat 
the incidence of ulcers does not increase in the 
sunuiuM- when the ultraviolet intensity is high is 
<lue to the hot weather, which diminislies the se- 
cretion of gastric juice. 1'his inhihitorv climatic 
factor disappears in the fall, when there is again 
an increa.sed skin sensitivitv (see Figure 4), and 
a .still (juite considerable amount of .solar ultra- 
\ iolet, 

4'he most logical reason for the increased light 
sensitivitv of vegetative stigmatics is an endocrine 
imbalance, primarilv involving the thvroid ( hd- 
liiiger, II c). 

Idlingcr (II d) has also studied the “photo- 
biological constitution” in another grouj) of ah- 
normals. ( Vcasionally he found an apparently 
healthy person with a verv high sensitivity, due, 
as later examination .showed, to a pulmonary tu- 
berculosis. < )|)serv'atitjns w^ere made on 128 per- 
.sons of lioth sexes between 20 and 50 years old, 
with this (Iisea.se. The material was sulidivided 
into three groujis on the Iiasis of clinical and X- 
rav ffndings: (I) stationary (40 cases), ervthe- 
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nial threshold of 210 seconds; (2) slightly active 
(43 cases), erytheinal threshold of 1^ seconds; 
and (3) very active (13 cases), erythenml thres- 
hold of 56 seconds. The normal average thres- 
hold is 113 seconds. The curve (Figure 5) shows 


and 50 years are some 20 p.c. less sensitive than 
men of similar age. The sensitivity increases at 
the approach of the menses, a maximum l)eing 
reached on the first day of the cycle, after which 
the sensitivity declines to the normal. During 
pregnancy the sensitivity is increased. Within 
the pregnant group there is no indication of the 
influence of age or of hair color. 

The seasonal influence is apparent. The curves 
of the two groups (Figure 6) have the same 

a 
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FIGURE 5. The seasonal sensitivity of normals 
and of tubercuUds. (Ellinger). 

a steep rise in the autumn which continues until 
the spring, in contrast to the healthy, to a peak 
much higher than the corres[)oncling .spring peak 
of healthy individuals. 

I'he increased sensitivity of the active group is 
explicable on the ba.sis of the action of H-sub- 
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FIGURE 6. The seasonal sensitivity of pregnant 
and non-pregnant women. (Elllnger). 


stances. The active group is composed of pa- 
tients in whom marked destructive j^roces.ses are 
taking place, as a result of which ])n)tein decom- 
position products are set free, the vasodilating 
effect of which is well known. A peri])heral cap- 
illary dilatation occurs in exudative forms of pul- 
monary tuI>erculosis. As a result of the high 
sensitivity of these patients, there is an iiicreavsed 
action of radiation on the vascular system. Owing 
to the damage to the pulmonary vessels as a re- 
sult of the tuberculous infection and their loss of 
elasticity, it is easy to see how a hemoptysis oc- 
curs, and why in the spring there is a marked in- 
crease in the number of fatal cases of miliary tu- 
berculosis and of henx)ptysis on the fir.st brilli- 
ant sunshiny days. 

Ellinger (11 e) has studied the erythemal re- 
action of women, normal, pregnant, “vegetative’', 
;and with menstrual disturbances. Three hundred 
and eighty-three ^'nonhar' women were studied, 
on whom 583 detenninations were made. Placing 
the sensitivity of those between 20 atid 50 vears 
of age at 1(X) p.c., girl^ between 6 and 12 were 41 
p.c., those from 13 to 19 were 20 p.c, and women 
over 50 years were S3 p.c, as sensitive. Blondes 
both light and dark, were some 36 p.c. more sen- 
sitive than brunettes, throughout the year. As 
has been pointed out tefore, women l>etween 20 


general form, a spring maximum followed b\ a 
summer minimum and a second fall maximum. 
But not only is the pregnant curve much higher, 
indicating a marked increase in sensitivity, but 
tliere is a shift in the positiem of the spring max- 
imum to June, from April and May; of the sum- 
mer minimum to July, from June; and of the fall 
maximum to September, from ()ctol)er and \\>- 
veinlxfr. 

Figure 7 shows the influence of the duration 
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FIGURE 7. The in^flueuce of the duration of gee- 
tation on the eeneitivlty of women. (EUinger). 
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of pregnancy cm the sensitivity* increasing fnwn 
the third month to a maximum in the seventh^ 
and then falling again, 

ElHngcr (11 c) studied 17 women (20 to 50 
years old; 3 blondes and 14 brunettes) with the 
stignia of vegetative imbalance. Independent of 
hair color there is an increase in sensitivity of 
some 200 p.c., particularly evident in the bru- 
nettes who on the average throughout the year 
show an increase of 265 p.c, (Figure 8). A few 



FIGURE 8. Ihe seasonal sensitivity of normal 
and of vegetative stigmatic women. (Ellinger). 


observations on persons under 20 or over 50 also 
showed some increase in sensitivity. In contrast 
to earlier studies where the influence of sex was 
not considered, and in which for all vegetatives 
a value of +250 p.c. was given and for the bru- 
nettes ah)ne a value of +360, we now see tliat 
the sex difference (less sensitivity for women 
than for men ) holds, for in the vegetative women 
the values arc respectively 200 and 265 p.c. 

Ellinger (11 f ) seeks to explain the marked 
variations in sensitivity on the basis of the num- 
l)er of open skin capillaries. Table II is l)ased on 
88 cases distributed in age between 19 and 50. 

Table 11 



Group 

Light 

Sensitivity 

Threshold 
in sec. 

Capillaries 
per sq. mm. 


1 

Blondes 

7.3 

ioi 

35.0 

28 

2 

Brunettes 

5.0 

135 

35.6 

15 

3 

Men 

7.3 

101 

36.0 

24 

4 

Women 

5.5 

128 

34.2 

19 

S 

Pregnant Women 

9.4 

69 

48.8 

39 

6 

Men and Women 

6.5 

118 

35.2 

43 

7 

Vegetative 

Stigmatics 

10.4 

54 

38.0 

6 


Tlie table shciws the following: (1) the differ- 
ence in seiisitivify tetween blondes and bru- 
nettes (Groups 1 and 2) cannot l>e correlated 
with a difference in the number of capillaries^ 
being due to the difference in pigment <2) On 
the other hand, the difference in the sensitivity 
between men and women (Groups 3 and 4) par- 
allels tlie difference in the uumter of cqjen capil- 
laries. The differences are clear enough so that 
they have significance, although they cannot be 
statistically treated* (3) There is no doulit about 
the increase in sensitivity in pregnant women 
being paralleled by an increase in the numlier of 
^pillaries (Groups 4 and 5). (4^ The increase 
in the sensitivity of the vegetative stigmatics is 
possibly paralleled by an increase in the number 
of capillaries (Groups 6 and 7). In a case of 
porphyrinuria with a high threshold (270 sec- 
onds), the number of open skin capillaries was 
only 20 per sq. mm. 

The Functions of Pigment 

The essential function of the skin pigment, 
melanin, has for long been thought to lie the pro- 
tection it afford.s against excessive irradiation. 
Finsen is regarded as having demonstrated this 
protective action by showing that on successive 
exposures of the arm to the energy emitted by a 
carlion arc. the pigmented areas were not in- 
flamed, while those areas previously covered by 
glass and thus not pigmented, showed an intense 
reaction. Everyone has observed how the skin 
of persons accustomed to an outdoor life, and 
thus tanned or pigmented to a greater or less de- 
gree, does not react on exposure to sunlight 
which acts painfully on the unaccustomed, unpig- 
mented skin of others. Instances have also been 
cited of physiological responses to irradiation 
ceasing after pigmentation, such as changes in 
the ])1ock1 picture, in blood pressure, blood sugar 
and serum calcium. Pigment also affords pro- 
tection against visible radiation in cases of photo- 
dynamic sensitization in animals. 

The ectodermal pigment is found in the epi- 
dermis, almost exclusively in the basal cells, 
chiefly in characteristic cap form over the distal 
pole of the nucleus, but also in branched, den- 
dritic-like cells (Bloch 12). The cells of the 
malpighian and horny layers in the white race 
contain pigment in considerable amount only 
when pigmentation is extreme (Figure 9). In 
negroes not only is pigment moVe abundant in the- 
basal layer, but there is also much pigment in the 
outer, including even the horny, layers (Figure 
10). iThe mesodermal pigment is in the corium, 
or , cutis vCra, and there are two entirely different 
kinds of cells. One is found fegularly, but in 
varying numbers, in the papillae and in the deeper 
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FIGURE 9. Drawing of section of skin of blonde 
('‘cross between blonde and brunette”). In lighter 
blondes, fewer basal cells contain still fewer gran- 
ules; in darker brunettes the basal cells contain 
more granules. (Jordan, H. E., Am. Naturalist, 45, 
452, 1911.). 

layers, "riicv are i)luini). sonictiines somewhat 
hranched eell.s ot ver\ \anahle form containing 
coar.se granules of pigment. 'I'liese are the chro- 
matophores of the human cutis ( I'igure 11). 
'riiev do not form tlieir pigment them.selves, hut 
are connective tissue cells which have phagnc}- 
ti/ed pigment, onginall) formed in the epidermis, 
'riu* other t\])e of pigmenlefl cell in the cutis (lif- 
ters entirel\ in foim, localization and nature from 
the chromatophores 'Flu'se are mescidermal me- 
lanohlasts ( Mongol eii Zellen ) and are generally 
long and rihhon-like. 7 he\ elahorate their own 
jiigment entiiady inde])endentl.\ of the epidermal 
pigmentation and. emhrvologically. long before 
this has apjieared. 

'rile cutis normallv contains (»nl\ irac'cs nf pig- 
ment which liav(‘ arisen in tla* Cjndermis and 
which ha\e been taken iij) sccondaril) In the 
chromatophor(‘s. .Marked heaping of cntanenu.s 



FIGURE 10. Drawing of unstained section of 
negro skin, showing the distribution of the pigment 
granules in the epidermis. (Jordan, H. E., Am. 
Naturalist, 45, 450, 1911). 


pigment is touiid only in j)ath(j]ogical proces.ses. 
re.sulting in damage or destruction of lltc t)ig- 
inent-containing epidermal cells (reaction to ra- 
diant energy, to X-ravs, ])recancerous conditions, 
etc. ) 

( onsiderable evidence has been brouglit against 
the view exjires^ed by l"insen. and (|uite univers- 
alis held since his day, that a ])igmented skin was 
pr(»tectcd against excessive irradiation wdlh radi- 
ant energs shorter than aliout 315 m;;i.. 'Die jirim- 
ars damage, as indicated liy the inflammators' re* 
action, is to the living epidermal cells, the prickle 
cell laser { rcte miicosnm of Malpighi), and not 
to tlie sessels of the d(‘rma] jiapillae. Ihil the |)ig- 



FIGURE 11. Section through the skin of a 
human mammary papilla: Sc, Stiatum corneum; 
Pb, pigmented basal cells of epidermis; Mel, mela- 
noblasts; Fib, fibroblast; Dc, dermal chromatophore. 
(Maximow, A. A. and Bloom, W., A Textbook of 
Histology, 1934). 
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ment i» alniost exclusivdy in the epidermal basal 
layer* below the prickle cells, and does not push 
into and over this layer until some days after the 
inflammatory reaction (see Figure 9). Further- 
more, a vitiliginous skin, without pigment, may 
become accustomed to irradiation and no longer 
show an erythema when irradiated with short 
wavelengths. 

Meyer and Bering concluded that the horny 
layer filtered out the short waved ultraviolet wave- 
lengths which are harmful in too great amounts, 
so that this layer represents an important pro- 
tector of the living epidennal cells. Miescher 
(13) showed that the reparatory process in such 
inflamed skin consists in proliferation as well as 
in cornification, so that the horny layer is thick- 
ened, and thus the amount of short waved, erythe- 
ma-producing radiant energy which reaches the 
living epidermal cells is diminished. According 
to this, adaptation to short waved irradiation is 
the direct action of a reactive proliferation and 
thickening of the horny layer, I'he protective 
action depends on dispersion, reflection, but 
mostly on absorption. 

Owing to this demonstration of the protection 
afforded by the thickened horny layer, some per- 
sons have come to deny to skin pigment any func- 
tion as a protection against ultraviolet wave- 
lengths, and regard it as merely a heat filter and 
localizer, in the absorption of luminous and in- 
frared ra>s. But melanin is a strong absorber of 
ultraviolet radiant energy. A 0.3 p.c. solution of 
cuttle fish melanin absorbs about twice as much 
as an egg albumin solution of similar concentra- 
tion. A solution of dopamelanin is about as effi- 
cient an absorber as is quinine in equal concentra- 
tion, and some five to ten times better than kera- 
tin from white sheep wool and white human hair 
(Meyer and Kirchhoff, (14)). 

The following is what may be called the mod- 
em point of view concerning the protective func- 
tion of the skin against radiant energy (13, 14). 
The organism is protected from over-irradiation 
by ultraviolet by two mechanisms. The shorter 
waved rays are absorbed ‘'lUperficially in the horny 
layer (about 30 rxifi thick), and thus never reach 
the living cells of the rete mucosum and basal 
cell layer: the horny layer is the screen for the 
epidermis against the shorter ultraviolet rays. 
The longer waved ultraviolet which penetrates as 
far as the cutis (at least from 50 to 80 m^t) may 
thus act on the blood in the capillary vessels of 
the dermal papillae. The basal layer pigmenta- 
tion, which occurs after irradiation, regulates the 
amount of this longer waved energy which 
reaches the basal cells and thus protects the un- 
derlying cutis from receiving too much energy: 
H^^nt is the screen for the cutis against the 
longer ultrcmolet rays, screening the papillae. As 


a matter of fact, the function of skin melanin as 
a screen against the ultraviolet is relatively small 
in the white race, of more importance in dark- 
skinned races and is the principal leason for the 
low sensitivity of the negro to ultraviolet. 

Quite a number of authors lielieve that this 
pigment represents a filter for the penetrating 
luminous and near infrared rays so that the heat 
effect is localized at the surface, from which it 
may be more readily lost by radiation and evap- 
oration, thus protecting the body as a whole from 
overheating. The advantage enjoyed by dark- 
skinned persons over fairer ones in a hot climate 
in the way of greater tolerance to the rays of the 
sun is thus plausibly assumed to be demonstrated. 
The negro's skin heats sooner and to a greater 
extent than does that of the white man, he there- 
fore sweats more copiously, and the sweat evap- 
orates more quickly, owing to the higher tem- 
perature of the skin. 

All of this, however, while plausible, is almost 
all assumption. As Miescher (13b, c) points out, 
no careful and exhaustive studies have been made 
of the influence of pigment on heat regulation in 
fair and dark skinned persons and, from his own 
observations, he believes that the pigmented skin 
of the negro is not very advantageous to him in 
this way. He concludes that the pigment in the 
skin of man absorbs to varying degrees all of the 
wavelengths of radiant energy. Its protective 
function is but slight in white skinned persons, 
more important in dark skinned races, particular- 
ly for the ultraviolet rays. The increased ab- 
sorption by pigment of penetrating heat rays does 
not appear to give the negro any advantage. 

The Therapeutic Value of Pigment 

There is no unanimity of opinion concerning 
the therapeutic value of pigment. Many regard 
pigment, owing to its absorption, as unfavorable 
for the action of radiant energy and therefore at- 
tempt to prevent its formation. Others ascribe to 
it a very important value and believe that the de- 
gree of pigmentation is a favorable diagnostic 
sign, brunettes thus responding better to insola- 
tion than blondes. Pigment formation and heal- 
ing seem to represent independent, coordinate 
phenomena proceeding simultaneously and in the 
same direction. Since the horny layer is a more 
important protector tlian is skin pigment against 
over-irradiation by shorter ultraviolet rays, there 
is left but one outstanding significant connection 
between radiation and pigment, namely, as an in- 
dicator of the action of the radiant energy, its in- 
tensity being, to a certain extent, proportional to 
the amount of action. But it is also very depend- 
ent upon individual factors such as race, constitu- 
tion and body function. Pigment formation is an 
indicator of the desired action and can be used as 
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a measuring rod for therapeutic treatment, and, 
since pigment formation, horny layer thickening, 
and possible chemical alterations of the skin cell 
proteins (15, 16) run practically parallel, it is 
also a measure of adaptation, or of diminished 
sensitivity. 

The Effect of Radiant Energy on Wounds 
AND ON Some Skin Diseases 

Natural sunlight will hasten the healing of 
sluggish, indolent wounds, as was demonstrated 
so clearly by Oscar Bernhard (17) at St. Moritz. 
The effect, however, is certainly not specific to 
the short ultraviolet rays, but is brought about by 
wavelengths that penetrate through the epidermis 
and part of the dermis, producing their action in- 
directly through the circulation. The surface ac- 
tion of ultraviolet wavelengths shorter than 290 
m/i or of those slightly longer (up to 310 mfi) 
in large quantity is detrimental to the healing of 
wounds, unfavorably influencing the processes of 
repair. The beneficial influence is due to longer 
ultraviolet, luminous and infrared rays, and so 
the quartz mercury vapor lamp is not indicated, 
while natural sunshine and the energy from 
‘‘Sunshine'^ carbons are. Coulter and Smith (18) 
believe that ultraviolet radiation has a definite 
value in the treatment of wounds and Pollaczek 
(19) recently reported on the beneficial use of ar- 
tificial energy. 

Gauze soaked in irradiated ergosterol in liquid 
paraffin (20) is efficacious as a dressing for ul- 
cers, refractory and granulating wounds, the 
healing of which has been delayed by infection. 

Until Finsen, by means of strong carbon arc 
radiation, cured so many cases of tuberculosis of 
the skin (about 60 p.c. of those he treated) the 
disease had been regarded as almost incurable. 
Reyn (21) has found that local treatment com- 
bined with general exposure is beneficial in ap- 
proximately 90 p.c. of cases. The result of the 
treatment depends, as in the treatment of wounds, 
upon the depth of the action of the effective rays 
and, in selecting the source, the one with the max- 
imum percentage of these rays must be chosen, 
namely, the carbon arc lamp. 

Lupus, as we all know, is also treated by means 
other than radiant energy or than radiant energy 
alone. Mention may be made of ointments, of 
diet, of borderline. X-rays, of electrocoagulation 
and of surgery. Lomholt (22) has recently sum- 
marized the treatment as carried out at the Fin- 
sen Institute. 

Coulter and Smith (18) and MacKee (23) 
have reviewed the evidence for the use of ultra- 
violet rays in dermatology. Of skin diseases or 
dermotoses for which definite claims are made for 
the beneficial action of sunlight and artificial ra- 
diation the following may be cited : dry and weep- 


ing eczema, pruritus, local and generalized urti- 
caria, psoriasis, acne vulgaris, varicose ulcers with 
associated dermatitis, vascular nevi, alopecia 
areata and the loss of hair following severe in- 
fections. Lupus vulgaris, however, seems to be 
the only skin disease on which ultraviolet rays 
act specifically (24). There are numerous other 
diseases of the skin in which local or getieral ex- 
posure may have a favorable action, but the im- 
provement that may follow is not a specific effect 
of these rays. In some cutaneous disorders (ecze- 
ma, psoriasis, lupus erythematosus, herpes sim- 
plex, xerodeniia pigmentosum, farmer's or sailor's 
skin, prematurely senile skin) exposure to such 
rays may cause an exacerbation, provoke an at- 
tack, or produce other injurious effects. 

The Blood and Circulation 

The influence of radiant energy on the blood 
may be passed over briefly, since, while radiant 
energy, including longer ultraviolet, luminous and 
infrared rays such as natural sunlight and its 
close approximation — ^the energy emitted by 
"‘Sunshine” carbons — may have some effect on 
secondary anemia, this is limited, not specific, and 
merely adjuvant to established dietetic and drug 
treatment (1, p. 188). 

Ultraviolet rays alone do not lower the blood 
pressure, but carbon arc radiation (“wSunshine” 
carbons) does — that is to say, of between 60 and 
70 p.c. of persons with abnormally high blood 
pressure (essential hyj)ertension ) . I^urens (1, 
p. 168) has shown in both ambulatory and hos- 
pitalized patients with essential hypertension that 
both systolic and diastolic pressure may be ma- 
terially reduced (from 10 to 15 p.c.) by general 
carlxm arc irradiation. The “cure” is temporary, 
and the treatments have to be repeated, being 
given every ten days or two weeks in those whose 
pressures have been lowered by earlier more 
often repeated large doses (usually every 4th or 
5th day). The individual closes must be large 
enough to set up an inflammatory reaction, ac- 
companied by marked vasodilatation, not too fre- 
quently repeated, so as to avoid pigmentation. 
Such treatment will produce a 10 to 15 p.c, re- 
duction in both systolic and diastolic pressures. 
The mercury vapor lamp in quartz will not do 
this and the effect is thus not the specific effect 
of ultraviolet rays Imt of these and, in addition, 
the luminous and infrared, as emitted by "‘Sun- 
shine” carbons. 

Mineral Metabolism 

Rickets, Ultraviolet rays shorter than 313 mfi 
are of great importance in rectifying the partial 
lack of the dietetic components necessary for 
building bone. The process of irradiating a baby 
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with such ultraviolet wavelengths consists in giv- 
ing rise to vitamin D from the provitamin in the 
sWn. The irradiation influences the storage of 
calcium and phosphorus and the equilil^rium of 
these elements in the blood stream of mature ani- 
mals in a way similar to the effects upon growing 
animals and the antirachitic factor, or vitamin D, 
represents specifically the organic agent which 
promotes normal calcium metabolism. It may 
prevent and cure rickets, it may promote growth, 
or it may simply prevent excessive loss of lime 
from the body. The specific capacity in which 
it functions depends upon the condition of the or- 
ganism, both with respect to age and nutrition, 
and upon the composition of the diet. Radiant 
energy simply revives, or aids, a dq^ressed func- 
tion. The antirachitic vitamin D is prepotent in 
preventing rickets, and is capaWe of doing so in 
the entire absence of radiant energy. Ultra\iolet 
radiation may rectify partial, but not absolute, 
lack of the dietetic components necessary for bone 
and teeth calcification. Ultraviolet radiant energy 
and vitamin D cause the organism to operate 
more economically, they make metabolism more 
efficient, they permit the organism to have full 
use of normal processes which are not effective, 
but they do not bring new processes into opera- 
tion (1, p. 285, 389) (25). 

Fractures. Ultraviolet, plus luminous and in- 
frared radiation, does not favorably influence the 
union of fractures. 

Teeth. Diet influences the formation of teeth 
by virtue of vitamin D, or of ultraviolet radia- 
tion, which increases and controls the actual cal- 
cifying process, and by containing sufficient cal- 
cium and phosphorus. The vitamin seems nec- 
essary not only for the original development of 
the tooth but for its protection later in life (26, 
27). Id dental caries, rickets seems to be merely 
one of several etiologic factors. Dental caries is 
not the result of low calcium or low phosphorus 
content of the blood or saliva (28, 29, 30). A 
comparative study of enamel, dentin and bone in 
new-born and very young infants shows quite 
clearly that the formation of enamel and that of 
dentin in the unerupted teeth do not parallel each 
other, but that those of bone and dentin do (31). 
Enamel is an epithelial tissue arising in the ecto- 
dermal layer of the embryo, while bone and den- 
tin are connective tissues originating in the meso- 
derm. This may be why the teeth of children 
with marked stigmas of rickets are often well 
formed and free from decay, and why tooth de- 
cay may be rampant in rapidly growing, breast- 
fed infants in the tropics, with no evidence of 
rickets. 

Milk in Rickets. As human milk or that of 
some animal forms the almost universal diet of 
infancy, it has been surprising to learn that ric- 


kets can occur so frequently. One expects milk 
above all foods to emtody the essentials for good 
health and development during infancy. But 
milk is poor in the antirachitic factor, vitamin D, 
of which even the highly prized human milk con- 
tains only a small amount. Since the introduction 
of irradiated ergosterol and irradiated foods for 
the prevention and treatment of rickets, several 
methods have been satisfactorily employed in or- 
der to impart antirachitic properties to milk. 
Among these may be mentioned: (1) The irra- 
diation of milk in both the powdered and liquid 
forms; (2) the irradiation of the mother or of 
the wetnurse; (3) feeding to the cow irradiated 
yeast, and to the woman cod liver oil or irradi- 
ated yeast; (4) adding irradiated ergosterol 
(yeasp to the milk; (5) adding to the milk a 
vitamin D concentrate prepared from cod liver 
oil. 

Infantile Tetany. Infantile tetany is a symp- 
tom complex which occurs in rickets when the 
salt equilibrium in the blood, namely, low calcium, 
happens to be of a kind which sets the nervous 
system in a state of hyperexcitability, and it is 
with the low calcium form of rickets that mani- 
fest tetany is associated. Any agent (such as 
cod liver oil, the antirachitic wavelengths, etc.) 
capable of raising the calcium concentration to a 
level within 20 p.c. of the normal will cure the 
active manifestations of tetany. The treatment 
of choice is a combination of calcium chloride and 
irradiated ergosterol. Completely parathyroidec- 
tomized rats, dogs and men may be kept symp- 
tom-free by large doses of irradiated ergosterol 
(33, 34, 35). 

Activation 

Activation is one phase of “photochemistry in 
medicine*' that all of us know something about 
merely by virtue of the fact that there has been 
so much written about it (1) p. 389, (36). The 
independent and almost simultaneous demonstra- 
tion in 1924 by Hess (37) and by Steenbock 
and Black (38) tliat certain substances, inert in 
so far as calcifying and growth promoting power 
are concerned, may have these capabilities be- 
stowed upon them by irradiation has proven to 
be of far reaching importance. The facts that 
when an animal is irradiated its skin, liver and 
muscle become antirachitically active, and that 
eggs, milk and feces have increased or newly en- 
dowed calcifying and growth promoting powers 
tiestowed upon them, and that diets deficient in 
the antirachitic vitamin may have it supplied to 
them by judicious irradiation, have proved not 
only of interest and appeal to the layman and of 
the greatest scientific and therapeutic value, but 
have done much toward advancing our conception 
as to the mode of action of ultraviolet radiation 
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and of vitamin D in the prevention and cure of 
rickets. 

The identity of the influence on metabolism of 
exposure of the skin to radiation and the admin- 
istration by mouth of cod liver oil or of a sub- 
stance that has had its vitamin D content influ- 
enced by being irradiated is interesting. Radia- 
tion forms this substance either in the cells of the 
living creature or in its foodstuffs. The action of 
a foodstuff artificially rendered antirachitic by ir- 
radiation is identical with the action of a natural- 
ly occurring foodstuff containing the antirachitic 
factor. 

The use of irradiated milk (fluid, dried, evap- 
orated or condensed) is proving to be one of the 
important prophylactic developments of ‘'activa- 
tion” (39, 40). Of less importance is the acti- 
vation of foodstuffs (cereals, bread, etc.). A 
fact of broader interest than the prophylactic and 
curative value of irradiated milk is the clear de- 
monstration of the superior clinical effectiveness 
of irradiated milk to cod liver oil and to viosterol, 
as well as to the milk from cows fed irradiated 
yeast. It would seem (41, 42) that the effect of 
irradiating milk with ultraviolet rays is to pro- 
duce a product of peculiar efficacy in the treat- 
ment of human rickets. Perhaps, the combina- 
tion of provitamin D with the milk proteins may 
enhance the usual effect of irradiation on this 
sterol. There has been evidence for some time 
that vitamin D produced by irradiation of ergos- 
terol is a different substance from that found in 
cod liver oil (36). 

The Chemistry of Vitamin D. This, an out- 
growth of the demonstration of the potentiality 
of being activated, has been most intensively in- 
vestigated. Most persons think that ergosterol is 
the parent substance or provitamin of vitamin D, 
being converted into the antirachitic vitamin, 
when properly irradiated. A few (notably Bills 
and Koch) believe that vitamin D activity is not 
limited to ergosterol, but tliat it may be a general 
property in varying degrees of various sterols 
( (1) pp. 407-409, 435) ) and ( (36) pp. 36, 
43) ) and that there are at least three forms of 
vitamin D. Waddell (43) has recently cham- 
pioned the view that the activatable provitamin 
constituent of cholesterol is a substance different 
from ergosterol (see also Hathaway and Koch, 
(44) ). 

The toxicity of irradiated products may be 
passed over very briefly because nowadays, in 
order to produce toxic effects, or signs of hyper- 
vitaminosis D, dosages thousands of times larger 
than therapeutic must be administered. (This 
subject is discussed at length in my monograph 
(1) p. 435 and by BUls (36) p. 52). 


The experimental work on hypervitaminosis D 
has, however, been of service in suggesting views 
as to the mode of action of vitamin D, and the 
part played by the richness or poverty of the diet 
in calcium and phosphate on the working of the 
factor that “mobilizes’* these substances. When 
the diet is deficient in calcium the withdrawal 
from the bone stores becomes the noteworthy 
feature of the hypervitaminosis. When the diet 
is rich in calcium the bone is less called on, but 
there is increased liability to calcareous deposi- 
tion as a result of an increased net absorption 
from the intestine, and partly also, no doubt, be- 
cause the amount stored by the bone is less than 
normal. Each addition of calcium to the diet in- 
tensifies the hypercalcemia and calcareous deposi- 
tion with a given overdose of vitamin D. 

Passing mention should be made of the fact 
that vitamin D sclerosis is a lesion of the media 
of the arteries, intimal changes being of second- 
ary nature and non-essential. The essential vita- 
min D lesion consists of muscular degeneration 
with calcification of the media. For a review of 
the histopathology of hypervitaminosis L), see 
(1) pp. 450-471. 

The question has l>een repeatedly discussed as 
to whether it is the antirachitic substance in irra- 
diated ergosterol which has this toxic effect or 
some other irradiated product present as an im- 
purity. To an unbiased observer the evidence in- 
dicates that the two effects are produced by the 
same substance, in other words, that the toxicity 
in an inherent property of the “pure** vitamin 
(45, 46, 47, 48, 49). 

A number of inve^stigators see similarity in the 
rise of blood calcium produced by excessive doses 
of vitamin D and the action of the parathyroid 
glands (see, e.g., Taylor, Weld and Sykes (50) ). 
As Dale, Marble and Marks (51) have indicated, 
the resemblance between the effects of vitamin D 
in excess on a diet poor in calcium, and those 
produced by excess of the parathyroid hormone 
are fortuitous. Similarly the effects of excess 
vitamin D and of parathyroidectomy on blood 
calcium are in opposite directions but not con- 
nected by any causal relationship. 

Photodynamic or Optical Sensitization 

It is possible to sensitize living cells, just as 
one sensitizes a photographic plate, and produce 
an abnormal condition in which light is as active 
as ultraviolet. This is photodynamic or optical 
sensitization. It was discovered accidentally by 
Raab (52) who, under the direction of von Tap- 
peiner, was studying the toxic effect of acridine 
on Paramecia, Discordant results in determining 
the minimum fatal dose led to the discovery that 
acridine is lethal only in the light With a 
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strength of 1 :20,000, the Paramecia were killed 
in 6 minutes in direct sunlight, in 1 hour in dif- 
fuse daylight, and were unharmed in the dark. 
After this discovery the subject was extensively 
investigated by von Tappeiner, Jodlbauer and 
their co-workers (53) and many substances were 
found to act as sensitizers, fluorescein and its 
derivatives being especially potent. In vitro, a 
surprising number of interesting results was ob- 
tained and it was found possible to sensitize to 
the action of light, lacteria, protozoa, red blcxid 
corpuscles, enzymes, ferments, the various sub- 
stances concerned in immunity and certain well- 
defined chemical substances. Fluorescence is the 
usual accomi>animent, but not the fundamental 
cause of, the sensitization. 

Photodynamic sensitizers arising under physio- 
logical as well as pathological conditions are cap- 
able, in the presence of light, of destroying both 
warm and cold-blooded animals. There are ill- 
nesses which affect man and animals when they 
are exposed to light, either because the light is 
very strong, or because of a hypersensitivity, due 
to exogenous or endogenous causes. 

The usual meaning attached to photodynamic 
sensitization is the production by light plus a sen- 
sitizer of the same reaction that ordinarily takes 
place under ultraviolet. A very considerable dif- 
ference, however, exists; whereas the ultraviolet 
effects can occur either in the presence or ab- 
sence of molecular oxygen, the photodynamic ef- 
fects occur only in the presence of oxygen. Sen- 
sitization, however, may also be induced in the 
ultraviolet as Hausmann and Rosenfeld (54) and 
Kuen and Rosenfeld (55) have demonstrated for 
red blood cells and Las.sen (56) for Paramecia. 

For detailed discussion of sensitization in ani- 
mals and in man the chapter in my monograph 
on “The Physiological Effects of Radiant Ener- 
gy’" (1) p. 488, ff. and the review by Blum 
(57 a) should be consulted. Among recent papers 
may be mentioned those of Blum and his co- 
workers (57 b-e) and of Perdrau and Todd 
(58). 

Photodynamics has not proved a fruitful field 
therapeutically although attention has been di- 
rected to acceleration or increased efficiency in 
radiation in conjunction with a sensitizer (59, 60, 
61). Szczygiel and Clark (62) liave recently 
demonstrated, however, that there was no evi- 
dence of prevention of rickets in rats exposed to 
visible energy after ingestion of eosin. Attention 
has also been directed toward the dcsensilization 
of patients to light in acne, variola, hydroa vac- 
ciniforme, and in eczema solare (63, W). 

Pathologic Conditions Produced by Sensitise-- 
Hon. In addition to buckwheat sickness in cat- 
tle, the condition seen in sheep after eating Hy- 


pericum crispum, (St. John’s wort), probably also 
the clover sickness, and the illness of swine fol- 
lowing the eating of Lachnanthes, etc., are ex- 
amples of exogenous sensitization. Chlorophyll 
has never been shown to produce such a condi- 
tion. 

One of the most interesting and perfect ex- 
amples of exogenous photodynamic sensitization 
in man is that described by Prime ( (1), p. 505) 
of twenty-six cases in which eosin (containing 47 
p.c. bromides) was given by mouth for epilepsy. 
Jausion (63) has described several cases of acute 
sensitization following treatment with trypaflavin 
(acriflavin), and Hausmann (65) cites cases of 
skin sensitization in patients taking luminal. 

Amongst conditions found in man presumably 
or possibly due to endogenous sensitization are 
the following: 

(1) Hydroa estivate or vacciniforme (Blum 
(66) Hausmann (67), Gottron and Ellinger 
(68) ). It is quite possible that the porphyrins 
play no part in the light sensitivity, or may be 
products of skin injury. 

(2) Ecsema solare ( (1) p. 510) is an exam- 
ple of a condition due to increased sensitivity to 
light, for which the cause is unknown. 

(3) Prurigo esHvale, or summer prurigo, a 
severe, relapsing bullous eruption, occurring in 
warm weather only, has been thought by some to 
be due to a harmful influence of direct solar ir- 
radiation on sensitized skin. Jesionek, among 
others, doubts that light has anything to do with 
it. 

(4) Pellagra. Payne and Perlzweig (69) dis- 
cuss the relation between abnormal sulphur meta- 
bolism and pellagra. Anderson and Ayres (70) 
think that light sensitivity is lx)und inseparably 
with sulphur metabolism. Sec also Smith (71). 
There is probably no connection between the eti- 
ology of pellagra and sensitization in man. 

(5) Xeroderma pigmentosum, a rare and fatal 
disease, characterized by brown spots and skin 
ulcers, with muscular and cutaneous atrophy and 
telangiectasis. The first acute signs occur on the 
early brilliant days in spring, and consist of red 
spots, for the most part on the face, and seem to 
be the result of direct exposure to sunlight. Ac- 
cording to Lynch (72) the course of xeroderma 
pigmentosum is progressive, the exposed parts of 
the skin undergoing all of the progressive changes 
of senility ; as a rule, death results from carcino- 
matosis (73, 74, 75, 76). Ephelides, seaman’s, 
sailor’s or farmer’s skin and senile skin are all 
characterized by the same lesions and produced 
by the same external agents, and some observers 
have regarded them as fonns of xeroderma pig- 
mentosum. The late changes resemble roentgen- 
ray dermatitis clinically. Bernhard pointed out 
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that, although sailor s skin occurs frequently in 
those who are out in the open air at high altitude 
(Swiss Alp guides, etc.), he has never seen a 
case of skin carcinoma in such persons. 

(6) Lupus erythematodes discoides (L. ery- 
thematosus) is regarded by some as one of the 
dermatoses caused by light. It usually affects 
only the uncovered parts of the body (70, 72, 
74). 

Greenlxium (77) described the cutaneous dan- 
gers of ultraviolet irradiation in children. Pro- 
longed exposure to the violet and ultraviolet rays 
of the sun, and to those artificially produced, may 
cause not only systemic disturbances but also in- 
flammatory and degenerative changes in the skin, 
varying with the person. The harmful systemic 
effects have not been well understood but deaths 
of infants following short exposures to ultraviolet 
radiation have been reported. Hausmann (78) 
also sounds a warning against the dangers of 
over-indulgence in radiation. He believes that, 
as the situation stands, there is little danger that 
people on the whole are getting too little sun- 
shine, but rather that they get too much, and he 
has no doubt but that this is going to give rise 
to a numljer of acute and chronic pathologic con- 
ditions, if these are not present already. He has 
in mind particularly the central nervous system, 
especially the brain, which he thinks must be in- 
jured by the over-irradiation and resultant heat- 
ing of the skull. Hausmann also points out that 
although the skin may become accustomed to sun- 
light, it is certain that its action on certain parts 
of the skin results in a predisposition to certain 
conditions. An outstanding example is the well 
known reddening on the chest of women, desig- 
nated by Brocq as “Dermatose du triangle stern- 
oclaviculaire'’. Brocq demonstrated that this con- 
ditions a locus minoris resistentiae for several 
skin diseases, such as acne, urticaria, eczema, 
which if not due directly to the action of light, 
are indirectly so. Klare (79) has described a 
febrile bronchitis manifesting itself in children 
with exudative lymphatic diathesis. They are 
usually of light complexion with hair of a slight 
reddish tone. The skin reacts with inflammation 
and burning, not with pigment formation. 

Tuberculosis 

Heliotherapy lays claim to at least two tri- 
umphs, the cure and prevention of rickets, and 
the treatment of extrapulmonary tuberculosis, 
but there are numerous points, fiarticularly in the 
latter, which are far from settled. As Luce- 
Clausen (80) points out, on reading Rollier's 
iKKik on heliotherapy (81), one is impressed 
with the results obtained, especially in bone tu- 
berculosis, by a treatment regime in which helio- 


therapy in the form of the complete sun bath is 
one of the factors employed. But, while helio- 
therapy undoubtedly plays a large part in the re- 
sults reported at Leysin, it is only a part, not the 
whole, of the regime. It is at present impossible 
to evaluate the other factors such as exposure to 
exceptionally dry and pure air, freedom from 
fog, dust, winds and rain, combined with ideal 
conditions of feeding, prolonged periods of rest, 
orthopedic treatment, and wherever possible, 
pleasant occupational therapy. These, in them- 
selves, must play a large part in the excellent 
clinical results obtained. 

Tulierculosis, wherever Siituated, is a general 
disease presenting local manifestations, and as 
such demands treatment directed towards the im- 
provement of the general health. The object of 
the sun treatment is to place the weakened and 
diseased bodies of patients in an environment 
giving the greatest possible assistance in the fight 
against tul)erculosis. In this environment the es- 
sential factors are the air of high altitude and the 
sun l>ath applied to the whole surface of the body. 
Rollier regards heliotherapy as a local treatment 
which is at the same time analgesic, bactericidal, 
and a powerful stimulus to cicatrization. In 
choosing the High Alps for its application, he 
was guided by the fact that the climate of these 
regions is practically the only one in which helio- 
therapy may be applied with advantage in every 
month of the year. At an altitude of 1500 meters 
the air is never oppressively hot, even in the 
height of summer; in winter, although the at- 
mosphere is intensely cold, the intensity of the 
sun’s rays more than counteracts this quality. 
Rollier is convinced that, correctly understood 
and applied, heliotherapy fulfills the highest de- 
mands of orthopedics and conservative surgery, 
(see Bernhard (82 a, b, c), Jesionek (83) ). 

Numerous contra-indications have been ad- 
vanced to heliotherapy in phthisis, but the only 
valid one is met with in all localizations of the 
disease. When a patient is very weak, with 
much toxemia and hectic fever, the sun bath is 
liable to do more harm than good, and should 
therefore be deferred with the hope that rest and 
fresh air will strengthen the patient sufficiently 
for insolation to lie justifiable at a later date. 
The combination of hot air and intense sunlight 
is bad for any form of tuberculosis, though parti- 
cularly dangerous in the pulmonary variety. Both 
solar and air exposures can be employed for 
mildly active forms of pulmonary tuberculosis, 
chronic and having little or no fever; but it is 
preferable that tlie exposures should be made to 
diffuse daylight or to sunlight of low intensity. 
The very active or progressive forms of pul- 
monary tul>erculosis, particularly those accom- 
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panied by high fever, are contra-indications to 
solar exposure. Even in the rather stationary 
forms very intense sunlight, especially in over- 
doses, can incite harmful focal reactions (See 
Rollier (81) ; Bernhard (82) ; Mayer (84) ). 

Mayer (84 b) emphasizes a fundamental point 
of view: *‘For the extrapulmonary foniis of 
tuberculosis physicotherapeutic measures often 
prove valuable adjuvants, but they are never to 
be employed to the exclusion of rest and hygienic- 
dietetic, and perhaps surgical, measures. Light 
in any form by itself is not curative but may 
prove an important aid. To believe that light 
by itself will cure tul)erculosis, to be unduly op- 
timistic about its effects and to consider it a 
specific form of treatment, or to use it without 
sound medical advice and employ it to the ex- 
clusion of rest, hygiene and diet, eliminating 
orthopedic measures or the occasional necessary 
surgical intervention in bone and joint tuber- 
culosis, is bound to bring criticism to an other- 
wise eminently desirable method of treatment.'’ 

Many specialists feel tliat heliotherapy consti- 
tutes a valuable aid to the fresh air cure in the 
treatment of pulmonary tuberculosis and that it 
can be practiced everywhere, but particularly 
favorably at the seashore or in the mountains. It 
is be.st carried out, however, in the climate most 
suitable to each individual case (see Roussel 
(85); Gauvain (86); Eliason (87); Freiberg 
(88) ; Phelps (89) ; Conrad et al (^) ; Coulter 
and Smith (18) ). 

There are numerous reports on the various 
manifestations of tuberculo.sis, pulmonary, pleu- 
ral, laryngeal, lymphatic, intestinal, peritoneal, 
genito-urinary, bone and joint ( (1) p. 522 and 
(84 c.) ). Some of the results are very favorable, 
indicating that the “light treatment” or irradia- 
tion, is an important aid to hygienic treatment. 
But reliance on radiant energy as an important 
aid in pulmonary tuberculosis is to be discour- 
aged, despite the claims of many phthisiologi.sts. 
In isolated instances when the pulmonary tuber- 
culosis is of the fibrous form approaching arrest 
and showing only slight or no elevation of tem- 
perature, improvement is occasionally seen. Of 
outstanding inijK)rtance is the realization of the 
fact that heliotherapy, when abused, is danger- 
ous to the luberculid. 

Conclusions 

The number of human ills and abnormalities 
for which radiant energy, as emitted by the sun, 
carbon arcs and quartz mercury vapor lamps, is 
specific or adjuvant is small, much smaller than 
the number for which claims are made by manu- 
facturers, as well as by meml)ers of the medical 
profession. 


Ultraviolet rays (shorter than 313 nift) are 
specific in the cure and prevention of rickets (in- 
fantile and adult) and infantile tetany. Such 
wavelengths are not always available in sun- 
shine, and recourse to artificial sources is fre- 
quently necessary. 

Cases of extrapulmonary tuberculosis, includ- 
ing lupus vulgaris, are markedly l>enefited by 
careful exposure to sunlight or to the closest 
approximation to natural sunlight; viz., the en- 
ergy emitted by a flaming carbon arc lamp. The 
benefits are due not solely to ultraviolet rays, 
either those specific in rickets or somewhat long- 
er, but as well to the light or luminous rays and 
to the heat or infrared rays, which are so pre- 
ponderatingly present in natural sunshine and 
carbon arc radiation. The reports of the results 
with the quartz mercury lamp in the treatment 
of extrapulmonary tuberculosis are disai^pointing. 

Natural sunlight will hasten the healing of 
sluggish, indolent wounds, as demonstrated by 
Oscar Bernhard at St. Moritz This effect, how- 
ever, is certainly not specific to the short ultra- 
violet rays. The effect is a deep one, and indi- 
rectly through the circulation and is brought 
about by wavelengths that penetrate through the 
epidermis and part of the dermis. The surface 
action of ultraviolet wavelengths shorter than 
290 m^ or of those slightly longer (up to 310 
mfi) in large quantity is detrimental to the heal- 
ing of wounds, unfavorably influencing the pro- 
cesses of repair. The influence is due to the 
longer ultraviolet, luminous and in fared rays, 
and so the quartz mercury vapor lamp is not in- 
dicated, while natural .sunshine and the energy 
from “Sunshine” carbons are. 

Ultraviolet rays alone do not lower the blood 
pressure, but carbon arc radiation (“Sunshine” 
carbons) does — that is to .say, of between 60 and 
70 p. c. of persons with essential hypertension. 
In ambulatory and hospitalized patients systolic 
and diastolic pressure may be materially reduced 
(from 10 to 15 p. c.) by general carbon arc ir- 
radiation, given in erythema-producing doses, not 
too frequently, so as to avoid tanning. The “cure” 
is temporary, and the treatments have to be re- 
peated, being given every ten days or two weeks 
in those whose pressures have been lowered by 
earlier and more frequent large doses (usually 
every fourth or fifth day). 

Among diseases of the skin, lupus vulgaris is 
the only one on which ultraviolet rays act speci- 
fically. In some others it may have favorable 
action but the improvement is not specific. In 
others exposure to such rays may cause or pro- 
voke an attack. 

Owing to the hypersensitivity of many infants 
and adults, caution should be exercised in the use 
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of sunlight and of artificial radiation. Over-in- 
dulgence, even in the normal, is foolhardy. 
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Discussion 

Dr, Blum: Laurens suggests the relation- 
ship of a number of pathological light sensitivi- 
ties in man to photod)mamic sensitization, a sub- 
ject which I shall discuss In detail in my paper 
on 'Thotosensitization of Living Systems.'" I 
would like at this time to present observations on 
a few cases of photosensitivity in man. We have 
studied four cases all showing different pictures. 

I. An erythematous dematitis, not classfied. 

II. Eczema solare. 

III. Urticaria solare. 

IV. Hydroa vacciniforme. 

We examined these cases to determine the spec- 
tral radiation which produces these lesions. The 
methods were rough, involving the use of filters. 
To summarize briefly, in cases I and II we were 
able to reproduce the lesions by ultraviolet radia- 
tion shorter than 3200 A, i.e: those wavelengths 


which produce erythema and pigmentation in 
man. Thus we can reasonably assume that these 
individuals exhibit some hypersensitiveness to the 
normal photoreactive mechanism of the skin. This 
may be a hyperactivity of the photomechanism or 
a hypersensitivity of the skin to the changes pro- 
duced by the photoreaction. We have no reason 
here to suspect a photodynamic sensitization. 

Case III presents a severe urticaria following 
exposure to radiations between 4000 and 5000 A, 
i.e: definitely outside the wavelength region pro- 
ducing normal erythema. Here we may suspect 
photodynamic sensitization. However, photody- 
namic sensitization only occurs when molecular 
oxygen is present and we have been able to show 
in this case that depriving the skin of oxygen 
does not prevent the development of the urticaria. 
(Blum, Allington and West, J. Clin. Invest., July, 
1935). On the other hand, urticarial reactions 
produced by sensitizing the skin with photody- 
namic dyes are completely prevented by the re- 
moval of oxygen. (Blum, Watrous and West, 
Am. J. Physiol, in press). 

The case of Hydroa (IV) is a typical one dis- 
playing porphyrinuria. Unfortunately I have 
not been able to make all the observations I 
should like in this case, but on two occasions, ex- 
posure to sunlight for periods of 20 and 30 min- 
utes has produced no result ; this should cover the 
visible range. The patient has been receiving 
quartz mercury arc radiation over the whole body 
twice a week for about a year and has shown no 
tendency to develop lesions as a result of this. 
Obviously if the porphyrin is acting as a photo- 
dynamic sensitizer in this case, the patient should 
react to the radiations absorbed by this sensitizer. 
This does not seem to be the case and hence this 
condition cannot be catagorically accepted as due 
to photodynamic sensitization. 

It hardly needs to be said that the building of 
hypotheses such as those attributing ail photosen- 
sitivity to disturbed sulphur metabolism, or to 
photodynamic sensitization, is not justified until 
we can classify these diseases according to the 
wavelengths producing them. Unfortunately 
very little attention has been given to such ob- 
servations, particularly within recent years. 

Dr. Singer: In this jmper the role that pig- 
mented cells play as protection a^inst ultraviolet 
was discussed. It was also mentioned that other 
cells have a protective activity against ultraviolet 
radiation. It is quite difficult to say what we 
should consider pigment if we speak of radiations 
of certain wavelengths. It is better to say that 
we have in the organism filters with selective ab- 
sorption. This denomination will include pigment 
cells that have color in visible light as well as cells 
that are transparent in visible light but have their 
absorption in the ultraviolet spectrum. 
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For example, I have observed in my experi- 
ments on the frog's skin that there is a system 
of fibers that is transparent to the visible rays but 
is opaque to the near ultraviolet. These filers 
are situated in the layer which contains the skin 
glands and which lies directly below the epithelial 
layer. An exact study of these fibers shows them 
as lying directly above the elastic fibers and sur- 
rounded by the skin glands and blood vessels. 

The frog’s skin does not have corneated sur- 
face cells, therefore the ultraviolet radiation goes 
through the epithelial layer to the layer below 
which contains, as I mentioned before, the skin 
glands. It is probable that these fibers filter out 
parts of the radiation that would \ye harmful to 
the elastic fibers and therefore serve as a protec- 
tive filter against ultraviolet radiation. 

Dr. Abramson: It has recently been shown 
that histamine-like sub.stances are formed in in- 
tact tissues after the use of different types of 
physiotherapy involving the skin. A plug .satu- 
rated with saline was made the cathode and placed 
on the skin. At this pole, following treatment, 
concentration of the histimine-like substances oc- 
cur in sufficient concentration to be assayed by a 
biological method. 

Dr. Mayer son: I think the method presents 
many opportunities of studying substances in the 
skin, particularly since the skin is intact in the 
procedure. 

Dr. Abramson: What is your point of view 
in regard to the efficacy of ultraviolet radiation 
in the therapy of erysipelas? 

Dr. Mayerson: Some investigators have re- 
ported excellent results following irradiation in 
erysipelas while others have been severely critical 
of this method of treatment. However, one gets 
the distinct impression from the literature that the 
method is at least as successful as other accepted 
methods such as anti-toxin, roentgen ray irradia- 
tion, etc. and for this reason, if for none other, 
it should be more extensively employed and stud- 
ied. One should be cautious, however, in ascrib- 
ing the results obtained to the action of ultraviolet 
unless radiation of longer wavelengths, particu- 
larly infrared, has been eliminated. 

Dr. Abramson: It seems strange that extra- 
pulmonary tuberculosis is so strikingly and con- 
sistently benefited by radiation and that the pul- 
monary variety is not. 

Dr. Meyer: Tryptophane and tyrosine, as aro- 
matic compounds, have a marked absorfjtion in 
the near ultraviolet while the aliphatic compounds 
absorb much shorter wavelen^hs. Have any 
analyses of the skin been made for these sub- 
stances in cases of established sensitivity to ul- 
traviolet radiation? 

Dr. Mayerson: I do not know of any such 


analyses. Harris and Ho}^ found that a solution 
of tyrosine or aminobenzoic acid retarded the de- 
struction of bacteria exposed to quartz mercury 
arc irradiation and concluded that the suscepti-’ 
bility of protoplasm to ultraviolet rays was con- 
ditioned by the selective absorption of the toxic 
rays by the aromatic amino acid radicals. It may 
be that in some of these cases there is a deficiency 
of aromatic compounds which accounts for their 
hypersensitivity. 

Dr. Meyer : In cases of sailor's skin it would 
be interesting to estimate the sterols in the blood 
and skin to see whether these substances play any 
part in the production of the increased sensitivity 
to radiation. 

A study of the absorption of histadine deriva- 
tives and substitution products would be desirable 
for the understanding of the production of hista- 
mine or histamine-like substances. 

Dr. Hausmann: I agree entirely with the 
principles and views which Laurens expresses in 
his introduction. In connection with his discus- 
sion of Ellinger's work on the seasonal variation 
in erythemal reaction, the question arose in my 
mind as to whether Ellinger’s findings did not ex- 
plain the contradiction which still exists between 
the physical studies of Dorno and the observa- 
tions of some experienced heliotherapists. Dorno, 
as is well known, finds in the High Alps (Davos, 
Switzerland) that the intensity of solar and sky 
ultraviolet radiation is greatest in the summer, 
smallest in winter, only a little increased in the 
spring, while in the autumn it is greater than in 
the spring. But as Oscar Bernhard pointed out, 
in the high Alps the erythemal reaction and the 
consequent pigtnentation of the skin are particu- 
larly strong in the spring, I also have tried to 
study this problem. The investigations of El- 
linger now partly explain the seasonal variation 
in erythemal reaction and indicate that the in- 
creased sensitivity in March or April is probably 
due to increased thyroid activity. This helps to 
clear up the old contradiction. 

Years ago I pointed out that the reflection of 
ultraviolet radiation from snow might be of im- 
portance in this connection, and this opinion has 
been confirmed by some of our own investiga- 
tions. With F. M. Kuen, I studied the bacteri- 
cidal action of ultraviolet rays reflected by snow, 
ice, water, stone, meadow-land and so on. We 
found that the bactericidal ultraviolet is most 
strongly reflected by snow and next by ice. The 
amounts reflected by chalk, granite, gravel and 
water, while still definite, are much less. Green 
meadow-land reflects the bactericidal rays the 
least. The reflection of ultraviolet radiation by 
snow, ice and water would seem to be of some 
hygienic importance (see Coblentz, Stair and 
Hogue). 
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In connection with Laurens’ discussion of sen- 
sitization in the ultraviolet, my laboratory con- 
tinues to be occupied with this question. Haus- 
mann and Kuen have demonstrated sensitization 
in the ultraviolet to porphyrins. Desensitization 
in the ultraviolet by substances such as serum, 
glucose, levulose, pinakryptol and neosalvarsan 
was also observed Na 2 S 08 increased the hemo- 
lytic action of the ultraviolet, particularly wave- 
lengths 365-366 ni/t. 

Dr, Laurem: In connection with the marked 
influence of spring sunlight in the production of 
erythema and pigmentation in the high Alps and 
almost everywhere for that matter, it should be 
remembered tliat the persons so acted on have for 
the most part been protected from the sun's rays 
during the preceding winter and they have natur- 
ally become more sensitive to the solar ultraviolet 
by being unaccustomed to it as a result of lack 
of exposure. Furthermore, the content of spring 
sunlight in ultraviolet, although comparatively 
low, is by no means inconsiderable. I liave dis- 
cussed this topic on pp. 36 and 112 of my lx)ok: 
Physiological Effects of Radiant Energy. 

The use of a salt-free diet (the so-called Sau- 
erbruch-Herrmannsdorfer-Gerson diet) has not 
become popular outside of Germany and Austria. 
It is frequently combined with radiant energy 
treatment, and even with douche baths, for the 
thorough cleansing of the skin. At the Finsen 
Institute the diet is rich and adequate and not re- 
stricted in any way. As everyone generally ac- 
quainted with the subject knows, there are numer- 
ous claims of outstanding success in the treatment 
of tuberculosis of the skin by various methods, 
e.g., by so-called ‘*Grenz rays”, (extremely long 
and soft X-rays 1 to 4 Angstroms) either alone 
or combined with a salt-free diet and with ultra- 
violet rays. The English believe the salt-free 
diet to be not only trying to the patient but of no 
benefit. 

Dr, Ellinger : Right at the beginning Laurens 
states that the number of light-healings claimed 
and those actually proven, show a vast dispropor- 
tion, a statement with which I thoroughly agree. 
He shows what an enormous quantity of material 
pertaining to ultra-violet light treatment has been 
gathered in a comparatively short period, so as to 
make available today a rational “Light-Therapy” 
with distinct indications and counter-indications. 
This fact was so clearly shown that it would only 
lessen the deep impression made upon all hearers, 
if I should go into detail once more as to the 
main points. 

1) In a number of cases mentioned by Lau- 
rens such as pregnancy, menstruation, vegetative 
stigmatism, thyreotoxicosis, certain forms of ec- 
zema, tuberculosis, etc., a “light-biological” ex- 
mnination has shown a heightening of the sensi- 


tivity of the skin. It is interesting, therefore, to 
recall to your mind that this heightening of sen- 
sitivity is noticeable in the very same cases under 
X-ray treatment and therefore, in my opinion, it 
is not unlikely that one may find in this biological 
light-research a most practical method for the 
prevention of damage by X-rays. 

2) I have shown in former researches’** that a 
parallel exists between the sensitivity under the 
light of a mercury vapor lamp and under sunlight, 
in spite of their different spectral compositions. 
On the basis of these findings I was able to elab- 
orate a method for determining the value of pro- 
tective measures against light. 

3) I should like to call attention once more to 
the relations, mentioned by Laurens, between the 
light-sensitivity and the number of functioning 
slan-capillaries on one hand, and the influence of 
the “thyroid gland” upon these capillaries on the 
other hand. Laurens shows us the heightening of 
the sensitivity under light in the case of “Thyreo- 
toxicosis” as well as in “Vegetative Stigmatism”. 
We see how, in the case of pregnancy, this fact is 
projected upon the skin by way of the hormone- 
producing glands. Again and again we are con- 
fronted with the fact that the thyroid gland holds 
a central position and always seems to play its 
part in hormonal changes, and it is in my opinion 
this gland, to which must be attributed a regu- 
lating influence of ray-reactions upon the skin. 
Whether in all these functions the hypophysis is 
influencing, in its turn, the thyroid, as has been 
shown in many other instances, is a matter of 
conjecture, though it appears most probable after 
observations made in light-sensitivity during 
pregnancy. The supposition that the thyroid is 
partly responsible in the heightening of the sen- 
sitivity under light in the case of pregnancy and 
that its enlargement is also a primal cause of the 
enlargement of the frontal lobe of the hyj:)ophysis, 
and in connection therewith an increased forma- 
tion of thyreotropic hormone seems to be justi- 
fied on the basis of our present experiences. Fur- 
thermore, the heightening of the sensitivity under 
rays during the springtime undoubtedly is due to 
the activity of the thyroid. This was clearly 
shown on the chart and the respective curves pre- 
sented by Laurens. An increased activity of this 
organ has been shown by several other scientists 
to be in evidence during the springtime, as re- 
flected in changes of the iodine within the blood. 
This heightening of the sensitivity under light is 
not in evidence with human beings alone, but with 
rabbits as well. This condition, however, is not 
to be found if the animals are thyroidectomized 
in time, as I have shown in former treatises, 

*F. HlUlnger: The Biological Principles of **Ray- 
Treatment'*. Berlin 1985. Urban and Schwarzen- 
bexg. 
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while on the other hand this sensitivity can be 
heightened through thyroxin poisoning. 

4) Laurens lias pointed out the fact that the 
ultraviolet rays form histamin and thus resem- 
ble ingredients affecting the skin in a similar 
manner. Histamin^ it may be stated, can be con- 
sidered a capillary poison. If, therefore, we con- 
sider this fact in connection with the findings just 
stated, as regards the influence the thyroid is ex- 
erting over the functions of the capillaries of the 
skin, we perceive the fact that the skin itself is a 
mediatory channel between the inner and the 
outer world, i.e. the sensitivity of the outer 
sphere influences, by way of the histamin, the in- 
ner body, while the thyroid gland, as the main 
spring for inner conditions, is the cause of the 
sensitivity of the skin under effects from the 
outer sphere. 


I shall be glad if I have succeded in showing 
in these few remarks how complex is the variety 
of problems of clinical, general biological and 
technical nature, as shown in Laurens’ lecture. 

Dr, Harris: Referring to the increased inci- 
dence of gastric ulcers in the spring and fall, 
Laurens states, *That the incidence of ulcers does 
not increase in the summer when the ultraviolet 
intensity is high is due to the hot weather, which 
diminishes the secretion of gastric juice.” I was 
much interested, during a recent visit to South 
America, to learn from the chief surgeon of the 
United Fruit Company hospital at Santa Marta, 
Colombia, that gastric ulcer is unknown in that 
region. Santa Marta is at sea-level, not far from 
the equator, and hot at all seasons of the year. 
The facts coincide admirably with Laurens' state- 
ment, though other factors may also be involved. 
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PARTICULAR REFERENCE TO GROWTH, BASAL METABOUSM 
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The wide spread interest manifested during 
the last two decades in the effects of radiation 
was incited in large measure by the findings in 
connection with rickets. A considerable literature 
has accumulated dealing with the part played by 
radiation in the regulation of various physiologi- 
cal functions and in the treatment of Afferent 
diseases. In much of the work there has been a 
lack of control and specification of experimental 
conditions which makes it difficult to analyze and 
correlate the results of different investigators. 
Excepting rickets, outstanding results have hetn 
obtained only in extrapulmonary tuterculosis. On 
the other hand, there are definite indications that 
radiation, under certain circumstances and when 
combined with other factors such as diet and hy- 
giene, may exert an effective auxiliary influence 
on physiological and pathological processes. The 
proper evaluation of the part played by radiation 
as an adjuvant in many reactions may eventually 
help to explain its mode of action. 

The literature dealing with the physiological 
effects of radiation has recently been detailed by 
Laurens (1). It would be impossible to discuss 
any phase of this subject without drawing heavily 
on this splendid monograph. It has served as 
the source of much that appears in this review 
and for tliis invaluable aid the writer is grate- 
fully appreciative. 

Effects of Radiation on the Circulatory 
System^ 

Blood Pressure and Pulse Rate 

In 1905, Hasselbalch (2) and later Hassel- 
balch and Jacobaus (3) described the effects of 
radiation on blood pressure. Massive irradia- 
tions with a powerful carbon arc, given at such 
intervals as to maintain a lasting hyperemia with 
avoidance of pigmentation, resulted in decreases 
in blood pressure averaging about 10 p, c. and 
lasting for several months. Marked relief of 
pain and freedom from attack followed the ir- 
radiation of patients with angina pectoris. In 
explanation of the results, the authors suggested 
that the redistribution of blood resulting from the 
cutaneous hyperemia and the subsequent lowering 
of peripheral resistance in the smaller vessels was 
reflected in a decreased pressure in the large 
vessels and mechanical relief to the heart. No 

iThe terms and **radiaDt energy** as 

used in this paper include only those wave- 
lengths usuaUy present in solar radiation. 


significant or definite influence on the pulse rate 
was noted. 

Subsequent clinical and experimental work (I, 
chapter 6) has confirmed and amplified these re- 
sults. At the present time there is general agree- 
ment that irradiation with the carbon arc will 
produce a decrease in blood pressure which per- 
sists for longer or shorter intervals depending on 
the intensity of the exposure. M-ercury vapor 
arc radiation seems to be relatively less effective 
in this regard, while solar radiation produces only 
slight changes. Pulse rate effects are inconstant 
and may vary in either direction, or show no 
change. 

The typical changes in the blood pressure and 
pulse rate following a single moderate exposure 
of a normal dog to carbon arc radiation* are 
given in Fig. 1. The systolic pressure decreases 



Abdomiiud carbon arc irradiation of dog for 1 hour 
at 40 cm. (55 g. cal. per sq. cm.). (Laurens 
and Mayerson (4) ). 


from 5 to 20 p. c. in different cases, remains low 
for about 5 hours and then shows a gradual re- 
turn to normal. The diastolic pressure in some 
cases shows a proportional decrease; in others, 

2 The carbon arc used in most of the work in our 
laboratory is a “Pan Ray Arc" made by the 
Atlas Electric Devices Ck>. National Carbon 
Co. Therapeutic A (“Sunshine**) carbons are 
usually used. The arc operates at 25 to 28 
amp. and 55 to 60 volts, and emits a total 
energy averaging about 0.5 g. cal. per sq. cm. 
per min. at 1 M., distributed approximately 
as follows; 4 p.c. < 400 m|n 31 p.c. 400 m^ to 
1..4 |a; 65 p.c. > 1.4^. 
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it increases during irradiation and returns to 
normal soon after. The pulse rate usually in- 
creases during the exposure, but this effect is not 
uniform. If massive, repeated exposures are 
given it is possible to produce persistent low 
levels. Thus in two dogs used in the above study, 
massive irradiation (83 to 124 g. cal. per sq. cm.) 
at intervals of 2, 3 and 6 days resulted in a de- 
pression of systolic pressure which was main- 
tained for 14 and 20 days, respectively, with 
values 12 and 22 p. c. below normal, and the dias- 
tolic for 15 and 10 days with values 12 and 21 
p. c. below normal. The pulse rate increases, 
noted in these experiments, were interpreted as 
being attempts to compensate for the lowered 
blood pressure and to maintain an adequate car- 
diac output. 

These results suggested to Laurens (1, p. 172) 
the use of carbon arc radiation in the treatment 
of human hypertension. Exposures intense 
enough to set up inflammatory reactions and 
marked vasodilatation were used and repeated at 
such intervals as to avoid pigmentation. Average 
decreases of 10 to IS p. c. in the systolic and 
diastolic pressures were obtained in about 60 to 
70 p. c. of the cases studied. By continuing the 
irradiation at intervals of 10 days to 2 weeks, it 
was possible to maintain these low levels for long 
periods (Fig. 2). Pulse rate changes were vari- 
able and insignificant. 



FIGURE 2. 

ElIectB of carbon arc radiation in hypertension. Ar- 
rows denote exposures. (Subject A, Laurens (1) ) 


Various explanations of the mode of action of 
radiation in lowering blood pressure have been 
suggested. Kestner and his collaborators (5) 
ascribed the effect not to direct action of the 
radiation but to the inhalation of combustion pro- 
ducts, such as ozone, nitrous oxide, etc., emitted 
by the arc, but this has not been confirmed (4). 


Rothman (6) does not subscribe to Hasselbalch's 
explanation of cutaneous hyperemia, but believes 
that the lowering of blood pressure is due to a 
decrease in sympathetic tone which manifests it- 
self in addition by a marked drop in blood sugar, 
increased sugar tolerance, decreased adrenalin 
secretion, and a relative lymphocytosis and eosi- 
nophilia. Petersen and Ottingen (7) have ela- 
borated this point of view. They concluded that 
irradiation of the skin resulted in a disturbance 
of the balance between peripheral sympathetic 
and splanchnic paras>Tnpathetic tone, so that the 
therapeutic action following radiation consisted 
of an overbalance of the parasympathetic tone in 
the splanchnic area, with the consequent changes 
described above. 

The work of Lewis (8) concerning the re- 
actions of cutaneous vessels to tissue injury by 
freezing, burning and the action of ultraviolet, 
suggests another plausible explanation of the 
mode of action of radiation in lowering the blood 
pressure. As a result of tissue injury there are 
liberated into the surrounding skin .substances 
with histamine-like action leading to the ‘'triple 
response”, a local dilatation, a reflex dilatation 
and increased permeability of the minute vessels. 
The drop in blood pressure, following radiation, 
may conceivably be due to the action of these 
vasodilating substances carried in the peripheral 
blood stream to the rest of the body. The ex- 
periments of Harris (9) support such an ex- 
planation. He showed that irradiation of the back 
resulted in an increase in the volume of the fore- 
arm as measured by the plethysmographic 
method. The effect would be enhanced by the 
improved blood flow resulting from the vasodila- 
tation which usually accompanies irradiation, 
particularly when erythema-producing intensities 
are used. (See Ellinger's work, discussed by 
Laurens in preceding paper.) The more marked 
lowering of blood pressure obtained with carbon 
arc than with quartz mercury arc radiation is to 
be explained, on this basis, by the more extensive 
hyperemia which the former induces. The car- 
bon arc not only emits ultraviolet and luminous, 
but a considerable amount of penetrating red and 
infrared, radiation. It produces, therefore, not 
only an ultraviolet erythema affecting the vessels 
of the superficial skin layer but a heat erythema 
as well, which involves the vessels of the deeper 
layers (see I-aurens, 1, pp. 120 and 183). If the 
effect of radiation in lowering blood pressure is 
specifically due to the action of the short ultra- 
violet wavelengths in producing local tissue 
changes, this effect must be considerably rein- 
forced by the increase in blood flow. There is 
no direct evidence, however, at the present time 
which implicates any particular part of the spec- 
trum in this effect. 
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Cardiac Oittput 

Lindhard (10), in 1913, irradiated seven sub- 
jects with the carbon arc and found the cardiac 
output increased 10 to 30 p. c. in four cases, and 
decreased in the remainder* He concluded that 
these variable results were due to differences in the 
compensatory mechanisms of the different sub- 
jects to the cutaneous vasodilatation. 

Pollock, Laurens and Johnson (11) and John- 
son and Laurens (12) have recently studied the 
effects of carbon arc radiation on the cardiac out- 
put of normal dogs and normal and h)rpertensive 
men. The results on dogs were consistent (with 
one exception) in showing decreases in cardiac 
output of from 21 to 29 p. c. roughly paralleling 
the lowering of the blood pressure. The maximal 
changes occurred 5 to 43 hours after irradiation, 
with a return to normal by the fourth day. Oxy- 
gen consumption showed insignificant changes 
while oxygen utilization increased. On the other 
hand, in the experiments on humans, cardiac out- 
put showed a predominant tendency to increase. 
Thus in eight normal subjects irradiated in the 
basal state with erythema-producing exposures 
there was a significant tendency toward a slightly 
decreased blood pressure, a variable effect on 
pulse rate, no change in oxygen consumption, but 
a markedly increased cardiac output of 12 to 35 
p, c., reaching a peak on the second or third day 
after irradiation and returning to normal by the 
fifth or sixth day. The results with the hyper- 
tensives, twelve subjects with systolic pressures 
varying from 191 to 228 mm, Hg, were very 
much the same, except that the increases in card- 
iac output were usually greater and appeared 
sooner, usually reaching a maximum on the first 
day after radiation (Fig. 3). Blood volume, 
which was studied in a number of cases, showed 
increases paralleling those in cardiac output. 



h lQVHiSi 3. 

WeetM of single carbon arc expomirea on cardiac 
output and blood preeaure. (Johnson and Lau- 
rens (12) ). 


The differences in the effects on the dog and 
on the human are at present difficult to reconcile. 
The changes in the dog, a decrease in cardiac out- 
put concomitant with a drop in blood pressure 
may be due to a condition approaching shock, 
brought about by extensive histamine production 
and consequent vasodilatation. Johnson and 
Laurens suggest that the dog may be more sensi- 
tive to histamine than the human, which may also 
explain the difficulty of lowering blood pressure 
in the normal human as compared with the nor- 
mal dog. They also tend to feel that the increase 
in cardiac output observed in the normal and hy- 
pertensive patients may be a compensatory reaction 
secondary to the vasodilatation and drop in blood 
pressure, and suggest that the failure of the out- 
put to increase may be an indication of impaired 
regulatory meclianisms. 

Effects of Radiation on the Blood 

Effects of Darkness 

Much has been written alx)ut the pallor of per- 
sons working or living in poorly lighted rooms, 
or in polar regions, etc., but as Laurens (1, chap- 
ter 7) points out, this pallor is usually not ac- 
companied by any decrease in the absolute 
number of red cells or in the concentration of 
hemoglobin, but is the result of a decrease in the 
volume of blood going to the skin and underlying 
muscles due to a vasoconstriction of peripheral 
vessels. Such “anemic'* looking people, m spite 
of their pallor, often have a surprisingly high 
hemoglobin content. Studies made of men on 
polar expeditions fail to show any effects of the 
long polar night. Borchardt (13), in a more 
recent study, compared the hemoglobin values of 
a large numlier of women and children in north- 
ern Norway and in Hamburg and came to the 
conclusion that the former were suffering from a 
mild polar anemia during the winter season. 
Quartz mercury arc irradiation of these “anemic" 
children, however, did not improve the hemo- 
globin level, and a subsequent examination of the 
same population in the summer showed only 
slightly higher hemoglobin levels. It would 
seem that other factors, nutritional or otherwise, 
were responsible for the observed anemia, rather 
than the lack of radiation. Studies made on mice, 
rats, dogs, mules and horses, kept in darkness or 
dim light for considerable periods of time, fail 
to indicate that absence of radiation produces 
more than slight or transient changes in the blood 
picture. These are not significantly affected by 
subsequent irradiation (1, chapter 7). 

Effects of Radiation 

Any action of radiation on blood must take 
place chiefly through the blood in the superficial 
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capillaries. As Laurens has pointed out in the 
preceding discussion, the layer of capillaries in 
the epidermis absorbs ultraviolet and a part of 
the visible rays at slight depths, the absorption 
curve rising from the long waves to the short 
with a maximum between 415 and 400 m/i. The 
red cells coursing in the capillaries absorb about 
5 p. c. of wavelength 680 mfi, 92 p. c. of 405 m/*, 
and 75 p. c. of 290 m/n. The greater the hy- 
peremia, i. e., “the more the capillaries are filled 
so much the more will the shorter rays be taken 
up by the blood and given to the organism as a 
whole, and so much the more the long waved ener- 
gy will pass through the network of blood vessels 
and penetrate to the deeper layers of the body/' It 
is therefore essential that the quality and quantity 
of radiation be accurately specified in order that 
results of different investigations may be proper- 
ly interpreted or duplicated. A source of dosage 
which produces a marked hyperemia might be 
expected to give results differing from those un- 
der conditions where no hyperemia was obtained. 

This is particularly true since changes in blood 
volume also usually accompany the hyperemia. 
Barkus and Balderrey (14) showed tliat carbon 
arc irradiation of sheep was accompanied by a 
vasodilatation followed by diffusion of tissue 
fluid into the blood stream, causing blood dilution 
and increased blood volume. With long ex- 
posures, the dilution was counteracted by over- 
heating, resulting in vasoconstriction and blood 
concentration. These findings were confirmed by 
Mayerson (15) and Mayerson and Laurens (16) 
on the dog. The latter found that the primary 
result of an individual exposure to carbon arc 
radiation is a temporary increase in plasma 
volume of 6 to 37 p. c. with recovery to normal 
within 5 hours. They also found that with mas- 
sive exposures a slight concentration follows the 
initial dilution. Many of the effects described as 
resulting from radiation, particularly those dur- 
ing or immediately after radiation, can unques- 
tionably be explained on the basis of changes in 
blood volume. 

The results obtained on irradiation of experi- 
mental animals and men with artificial sources 
(chiefly carbon and quartz mercury vapor arcs) 
indicate very little effect on the red blood cell 
count and hemoglobin content, when these levels 
are normal at the beginning of the investigations 
(1, chapter 7). Strong, or long continued, irra- 
diation of individuals with low initial levels re- 
sults in most cases in a slight rise (seldom averag- 
ing more than 10 p. c.) in the erythrocyte count, 
and a concomitant, but smaller, increase in hemo- 
globin which is maintained for a longer or 
shorter time after the irradiation is discontinued. 
This is particularly true in the various forms of 
tuberculosis, where the results have been more 


constant and marked, radiation raising the initial 
low red blood cell and hemoglobin levels to nor-* 
mal. It is difficult to decide, in many of these 
cases, as to how much of the benefit is primary, 
or secondary to the general bodily improvement. 
The results of Ellinger (17a) are of interest in 
this connection. He found that active cases of 
tuberculosis, as judged by their erythemal 
responses to radiation, were much more sensitive 
than normal healthy individuals. He also showed 
(17b) that increased sensitivity was usually asso- 
ciated with a greater number of open capillaries. 
It would be interesting to have experiments in 
which the erythemal sensitivity, number of open 
capillaries, blood cell and hemoglobin responses 
were followed in the same tuberculids. 

While the total leucocyte level does not seem 
to be influenced significantly or consistently, there 
is a general agreement of data showing that ex- 
posure to sunlight or artificial radiation results 
in a definite lymphocytosis. Hardy (18) care- 
fully studied the changes in the number and dis- 
tribution of white blood cells in rabbits exposed 
to measured amounts of radiation from a mercury 
vapor lamp. By the use of filters and by varying 
the lengths of exposure, she obtained equivalent 
amounts of ultraviolet radiation, but in different 
spectral regions, as well as different amounts of 
total energy in the same spectral regions. Radia- 
tion of wavelengths shorter tlian 300 m/n re- 
sulted in a lymphocytosis, providing the dose was 
not too great, the increase reaching a maximum 
2 to 3 days after the irradiation. Hardy believes 
that the effect of ultraviolet radiation on the 
lymphocytes is not selective, but is proportional 
to the total amount of far ultraviolet radiation 
present, regardless of wavelength. Irradiation 
with wavelengths 275 to 320 m/x gave a sharp and 
persistent increase in polymorphs, which effect 
was selective and proportional to the energy in 
this region. Since the amount of energy produc- 
ing a rise in polymorphs is greater than necessary 
to produce a lymphocytosis, the two effects are 
not observed simultaneously. 

Relatively little attention has been paid to the 
effects of radiation on the platelet count. Where 
they have been studied (1^ 18a, 19-25) the re- 
sults are consistent in demonstrating in animals 
and men a definite and sustained rise in their 
number. This effect suggested to Sooy and 
Moise (26) the use of quartz mercury vapor 
lamp radiation in idiopathic purpura hemorrhag- 
ica in which thrombocytopenia is characteristic. 
They reported hematological and clinical improve- 
ment in the ten cases, five acute and five chronic, 
which they studied. The author (27) has treated 
one case of the disease in a 5 year old boy who 
had proved refractory to all forms of treatment 
and for whom splenectomy had advis^ 
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Seven graded carbon arc irradiations over a 
period of 2 weeks increased the platelet count 
gradually from 45,000 to 400,000, with complete 
clinical recovery. The platelet count remained at 
this level for 3 months after the irradiation was 
discontinued, at which time the patient was dis- 
missed. The boy has been symptom-free for the 
four years which have elapsed since the treat- 
ment. In contrast to these favorable results, 
Tolstoi (28) was unable to find any improvement 
in three chronic cases which he irradiated with the 
quartz mercury vapor lamp, and warned against 
too hastily accepting a treatment for a disease in 
which spontaneous recoveries often occur. The 
etiology of purpura, however, is still in question, 
and the usual forms of therapy, hygiene, diet, X- 
ray radiation, transfusion and splenectomy are not 
always successful. It would seem that the simple 
and rational method of radiation should be given 
a more extensive clinical trial to test its specific 
or adjuvant effects in this disease, before being 
dismissed as ineffective. 

Figure 4 illustrates typical responses following 
individual irradiations in the dog as obtained in 
our laboratory (16). The resultant blood dilu- 


repeated massive carbon arc irradiation. In five 
such experiments on dogs there was an increase 
in red cell number of from 10 to 19 p. c., main- 
tained for from 3 to 6 weeks after the last irra- 
diation. The changes in hemoglobin were slight 
(average increases 2 p. c.) and the color, volume 
and saturation indices showed that the cells in 
the post-irradiation period were usually smaller 
and less saturated than normal. Effects such as 
these have frequently been observed in conditions 
where there is a strong stimulus to erythropoiesis, 
small pale cells in regeneration from hemorrliagic 
anemia (29, 30), and in emotional polycythemia 
(31). In two experiments platelet levels were 
increased 4 and IS p.c., respectively, and remained 
high for about 10 days after irradiation was 
stopped. Most of the animals showed a progres- 
sive leucopenia, resulting in low post-irradiation 
leucocyte levels. 

The results outlined thus far have been ob- 
tained, for the most part, on animals and men 
whose red blood cell and hemoglobin levels liave 
been normal, or only slightly decreased. Since 
the normal mechanism is relatively stable, it 
seemed plausible to expect that radiation would 



Typical effects following carbon arc radiation. Arrows and heavy blocks 
show beginning and approximate duration of exposures, a. First irradiation, 
% hr. at 1 M. <36 g. cal. per sq. cm.). The first points indicate average pre- 
irradiation levels, b. Tenth daily irradiation, 1 hr. at 60 cm. (133 g. caL per 
sq. cm.), c. Thirteenth daily exposure, dose same as in b. (Mayerson and 
Liaurens (16) ). 


tion is best indicated by the changes in the plate- 
let count. It occurs with each successive ex- 
posure, but is not augmented by the exposures. 
The duration of the dilution is, however, deter- 
mined by the dosage and interval between succes- 
sive exposures. Figure 5 portrays the principle 
blood changes in a typical case during and after 


provide a more striking stimulus to hematopoiesis 
in anemic conditions. Figure 6 shows the results 
of carbon arc irradiation in hemorrhagic anemia 
(32). These are typical curves obtained in a 
study of twenty-four dogs, in whom a severe 
secondary anemia was produced following the 
procedure of Whipple and Robscheit-Robbins 
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FIGURE 5. Arrows and heavy blocks show beginning and approxi- 
mate duration of exposures. First 3 exposures are ^ hr. at 60 cm. (67.0 
g. cal, per sq, cm.). Fourth exposure is % hr. at 60 cm. (100 g. cal. per 
sq. cm.). Continuous horizontal lines show average pre-irradiation levels. 
(Hayerson and Laurens (16) ). 


(29). The animals, fed a standard diet designed 
to minimize hemoglobin production, were made 
anemic by bleeding, and the hemoglobin was kept 
at a constant low level by periodic withdrawal of 
blood, the efficacy of the treatment being mea- 
sured by the amounts of blood (expressed as 
grams of hemoglobin) which it was necessary to 
remove in order to maintain the low level. Car- 
bon and mercury arc radiation resulted in marked 
and persistent increases in the number of erythro- 
cytes and reticulocytes, but in only one experi- 
ment was there any increase in hemoglobin re- 
generation. Radiation also failed to materially 
enhance the effects of moderately potent stimu- 
lants to hemoglobin formation, such as peaches, 
lettuce and apricots, which were added to the diet 
in some experiments. These results are inter- 
preted as indicating an inability of radiation to 
substitute for dietary deficiencies in regard to 
the formation of hemoglobin, a point which has 
been emphasized in studies in rickets, in which 
it has been clearly demonstrated that radiation is 
effective only by virtue of the fact that it enables 
or permits the organism to utilize more economi- 
cally materials present but not available. The 
marked responses of the red blood cells in the 
absence of any definite hemoglobin regeneration 
suggested that radiation acts on the mechanism 
for the production of stroma, rather than on that 
by which hemoglobin is made available. 

The experiments outlined above were a very 
severe test of the efficiency of radiation. Not only 
was hemoglobin removed from the body, but the 
diet furnished a bare minimum of material which 



Carbon arc radiation of dog for 60 minutea at 80 
cm. every other day for a total of 8 eapoeurea 
Heavy blocks denote the period of Irradiation. 
(Laurens and Mayeison (82) )* 
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could be used in the manufacture of new hemo- 
globin. A less severe, and perhaps more favor- 
able, condition was furnished in studies on a 
hemolytic anemia, produced by the injection of 
acctylphenylhydrazine in dogs (33). In this type 
of secondary anemia there is little loss of hemo- 
globin from the body, and the retained hemo- 
globin may be utilized in the formation and 
maturation of new and functional red blood cells. 
Twenty-four dogs were used, five being irradi- 
ated with the quartz mercury vapor arc, eight 
with the carbon arc, and the remainder serving as 
controls. The results are briefly summarized in 
Figure 7. No significant differences in the rate 



PIGUKE 7. 

Influence of carbon arc radiation on recovery from 
hemol 3 rtic anemia in the dog. (Mayerson and 
Laurens (33) ). 

of development of the anemia were observed in 
the irradiated and non-irradiated animals, but the 
regeneration was unquestionably faster in the 
irradiated group. The carbon and mercury arcs 
were equally effective, the average daily gain in 
red blood cells for IS days in the latter group 
being 142,000 as compared with 101,833 for the 
control group. Similarly, the average daily hemo- 
globin gain for 15 da>s was 0.31 gm. in the ir- 
radiated, as against 0.23 gm. in the control, group. 

Our failure to obtain active regeneration of 
hemoglobin in the studies on hemorrhagic 
anemia, and our success in these experiments on 
hemolytic anemia, are, as indicated above, due to 
the difference in the experimental procedures. 
Osato and Tanaka (34) concluded that following 
irradiation the reserve iron is withdrawn from 
the organs and is used in the manufacture of 
hemoglobin. The better regeneration following 
irradiation in hemolytic anemia may be due to a 
more efficient utilization of the iron made avail- 
able by the destruction of hemoglobin. The action 


of radiation on the pigments set free may also 
be an important factor. 

There has been relatively little work done in 
determining the effectiveness of radiation in 
nutritional anemia. Some investigators (35) 
have obtained beneficial results in exposing 
anemic pigs to sunlight, while others report no 
significant changes (36, 37). Baumann (38) in 
1926 irradiated fifty-four children, fed exclusively 
on a milk diet for from 3 to 8 weeks. All the 
specifically rachitic symptoms disappeared, but the 
anemia remained. The anemia could be prevented 
by the addition of vegetables and fruit to the diet, 
or by giving reduced iron. Beard and his col- 
laborators (39, 40) have recently reported that 
radiation markedly enhanced the effects of iron 
in bringing about recovery from the anemia pro- 
duced in rats by the feeding of milk, while 
radiation was much less effective in the absence 
of iron. In preventive experiments the best re- 
sponses were obtained when irradiated milk and 
iron were fed to the rats, suggesting that the 
observed beneficial effects of radiation were due 
to the formation of vitamin D in the animals and 
in the milk. Addition of vitamin D to the diet 
of rats fed milk and iron gave results similar to 
those of radiation and iron. These results pre- 
sent interesting problems for future study as to 
the relationship of vitamin D, calcium and phos- 
phorus and iron metabolism. 

The results of the clinical studies on the effects 
of radiation in secondary anemia are, in general, 
consistent with experimental studies. It is gen- 
erally admitted that pernicious anemia is not 
materially improved by radiant energy, (see 1, 
p. 195), although Smith (41) believes that in the 
United States there is a relationship between 
deficiency in radiation and mortality from perni- 
cious anemia. The improvement in the mild 
secondary anemia of tuberculosis and rickets has 
already been indicated. In secondary anemia 
associated with other conditions, the results have 
not been as regular. Thus Perlman (42) treated 
seventy-two children from 2 to 13 years of age 
with the quartz mercury vapor lamp. All showed 
some degree of anemia, coincident with chronic 
bronchitis, under-nutrition, etc. There was de- 
finite improvement in the erythrocyte level in 
forty-five cases, a decrease in twenty-six, and no 
change in one case. The hemoglobin level was 
increased in forty cases, decreased in twenty- 
eight cases and was not changed in four cases. 
One of the chief reasons for the variation in the 
effect of radiation in these clinical studies is the 
failure to recognize that radiation in itself is not 
specific but adjuvant in its action. Feeding of a 
diet rich in substances favoring hemoglobin pro- 
duction, in addition to the radiation of the pati- 
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cuts, might conceivably result in improvement in 
a larger numl>er of cases. 

Our discussion so far has dealt with the effects 
on the blood, following irradiation through the 
skin. In 1922, Naswitis (43) inserted a quartz 
tube in the carotid or femoral arteries of dogs 
and irradiated the blood directly with a quartz 
mercury vapor lamp. He obtained marked and 
persistent increases in the erythrocyte count. 
Seyderhelm in 1932 (44) confirmed and extended 
these observations in a study of hemolytic 
secondary anemia, produced in dogs by the in- 
jection of saponin. Direct irradiation of the 
blood in vivo checked the development of the 
anemia even when saponin infusions were con- 
tinued. The beneficial action was not due to a 
detoxication of the saponin but to an outpouring 
of young erythrocytes into the blood stream. 
Similar results were obtained when blood was 
removed, irradiated in vitro, and reintroduced 
into the animal. Seyderhelm believed that the 
active anti-anemic principle, which he called 
*'Cytagenin** was associated with the stroma, and 
succeeded in separating it in a clear, protein-free 
solution. Clinical tests of the substance showed 
significant hemoglobin regeneration and good sub- 
jective improvement in the hypochromic anemia 
due to carcinoma and pulmonary tuberculosis, 
while larger doses were necessary in chronic sep- 
tic conditions and in pernicious anemia. The 
responses in the latter condition were definitely 
pcxirer than with liver extract. Fervers (45a) 
has also reported a similar study. In vitro irradi- 
ation of citrated blood resulted in the production 
of an active anti-anemic substance which was 
much more effective in normal and anemic hu- 
mans than was simple autohemotherapy. The 
effect was unusually rapid, the increase in ery- 
throcytes and hemoglobin appearing in alx)ut half 
an hour after injection and reaching a maximum 
in 2 to 3 hours, which was maintained for 1 or 
2 days. Repeated injections always increased the 
levels again. In one case of hemorrhagic anemia 
the red blood cell count rose from 1.4 to 4.8 
millions after three injections, given over a period 
of 2 weeks. The spleen is in some way concerned 
with the action, since there was no improvement 
in splenectomized human cases. In addition to 
the beneficial results in hemorrhagic anemia, suc- 
cessful results were also reported in lymphatic 
leucemia, pemicious anemia, and the anemias 
associated with exophthalmic goiter and asthma. 
Fervers (45b) also reported the separation of 
the active principle ''Ultragenin'* from fresh 
irradiated animal blood in the form of a dry 
extract which can be taken by mouth. A similar 
extract but from non-irradiated blood failed to 
show any anti-anemic activity. Seyderhelm and 
fervers believe that radiation activates a precur- 


sor present in the red blood corpuscles (Seyder- 
helm believes it is in the stroma), resulting in the 
formation of the active anti-anemic substance, 
much in the same manner as vitamin D is formed 
from the provitamin by the action of short ultra- 
violet wavelengths. The wavelengths responsi- 
ve for the activation of the precursor of the anti- 
anemic substance are, however, not known, and 
details are still lacking as to the methods of pre- 
paration, stability, relative effectiveness when 
compared with other anti-anemic treatments, etc. 

Effects of Radiation On Metabolism 

From time to time there have appeared reports 
of cycles or seasonal variations in growth, basal 
metabolic rate, and in thyroid size and iodine 
content. The temptation has been strong to as- 
cribe to radiant energy, particularly to ultraviolet 
radiation, a major role in the production of these 
cycles, disregarding the action of numerous other 
factors, such as humidity, temperature, diet, 
activity, etc. A survey of the literature dealing 
with the specific effects of radiant energy on 
growth, basal metabolism and thyroid activity 
reveals that relatively little well controlled work 
has been done on the human, while the results 
obtained on lower animals are confusing and con- 
tradictory. For the most part, however, the evi- 
dence tends to indicate that radiation per se has 
an insignificant effect on these functions. 

Growth 

bJylin (46) studied the growth of a large num- 
ber of Swedish pre-school and school children 
and found periodic variations during the year. 
The height increase was pronounced during the 
summer and showed two maxima ; a marked 
maximum during March and April and a smaller 
but distinct maximum during November and 
December. The minimum height increases oc- 
curred during September and October and Janu- 
ary and February. In general, weight increase 
varied inversely with height increase. Two 
groups of twenty-five boys each were irradiated 
at different times for periods of 57 to 70 days 
(total irradiation of about 7 hours) with Jesionek 
quartz mercury vapor lamps supplemented with 
long waved radiation from “Sollux” lamps. The 
average increases in height of the irradiated 
groups, only slightly greater than those of the 
controls (0.3 to 0.4 cm.), were considered to be 
significant and were ascribed to ultraviolet radia- 
tion, even though the children were also exposed 
to long wave energy. Nylin attempted to corre- 
late the periodicities in growth with the known 
seasonal variations in ultraviolet radiation. The 
spring maximum thus coincided with the increase 
in solar ultraviolet radiation which usually occurs 
in March, but it proved difficult on this basis to 
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account for the distinct maximum in December. 
Nylin naively dismisses this as follows: **Regu- 
larly recurring winter maxima in height increase 
in my investigations (for which other explatia- 
tions are conceivable) speak against the assump- 
tion of an intimate connection between sunlight 
and growth/' No evidence was obtained in 
Nylin’s studies that the growth of children in 
'^ark’^ schoolrooms differed from that of child- 
ren in 'light’’ rooms. 

Studies on lower animals have, as a general 
rule, shown that radiation has only a negligible 
influence on the growth and development of mam- 
mals fed adequate and complete diets. All results 
are consistent in showing that rats reared on an 
optimal diet grow as well in darkness as in well- 
lighted rooms, and that irradiation with the 
quartz mercury vapor lamp has no demonstrable 
effect unless massive exposures are used, in 
which case there may be an inhibition of growth 
(1, chapter 11 ; also (47) ). The author has re- 
cently confirmed these findings in a study involv- 
ing 190 albino rats (48). The details of these 
experiments will be given later in the discussion 
on the relationship of radiant energy and the 
thyroid glatid. There was no indication that dark- 
ness per se (even in rats born and kept for 16 
weeks in darkness) interfered with normal 
growth; on the contrary, some of these rats had 
the largest terminal weights of the entire group. 
Nor did irradiation with the quartz mercury 
vaj>or lamp, carbon arc or sunlight improve 
growth. 

Special mention should be made of the pioneer 
work of Hume (49) and of Goldblatt and 
Soames (50) in investigating the effect of radiant 
energy on rats suffering from vitamin A defici- 
ency. This work, carried out l)efore the separate 
identity of vitamin D was well established, led 
to erroneous interpretations as to the relation- 
ship l^etween radiant energy, growth and the 
vitamins, but as Luce-Clausen (51) points out, 
the work served as the starting-point of import- 
ant investigations for other workers. They found 
that while irradiation did not protect the animals 
from xerophthalmia, the growth of the irradiated 
animals as compared with non-irradiated controls, 
was strikingly accelerated, (joldblatt and Soames 
(50b) found that this same growth effect could 
be obtained by feeding of rat livers irradiated in 
vivo. The absence of any anti-xerophthalmic 
activity precluded the synthesis of vitamin A by 
the radiation, wherefore it was concluded that 
radiation probably acted as a liberator of stored 
vitamin. This hypothesis seemed to Steenbock 
and Nelson (52) to present the paradoxical posi- 
tion that light lilierates vitamin A for growth, 
but not for the prevention of the ophthalmia 
They, in turn, suggested that a far more justifi- 
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able conclusion was that the growth ceased be- 
cause of an insufficiency of an antirachitic vitamin 
as distinguished from vitamin A. The experi- 
ments which followed in support of this thesis 
are now well known. Steenbock and his co- 
workers showed very clearly that radiation was 
without effect on vitamin A and that cessation of 
growth on these supposedly vitamin A deficient 
diets was due to a simultaneous deficiency of 
the antirachitic vitamin, which, when formed by 
radiation, stimulated growth. They further 
showed (53) that Goldblatt and Soames’ results 
with irradiated liver were due to the activation of 
vitamin D in the liver by the radiation, and sug- 
gested that "in ultimate analysis, both light and 
the antirachitic vitamin may represent the same 
antirachitic agent . . This was the beginning 
of the modern concept of the relationship be- 
tween vitamin D and radiation. 

There have been several investi^tions tending 
to show that rats (54, 55) or mice (56) grow 
better when exposed to red or infrared radiation, 
and that there is a certain amount of antagonism 
between this and the ultraviolet part of the spec- 
trum with respect to growth. Recent experi- 
ments (57), however, fail to substantiate these 
claims that red or infrared radiation exerts any 
specific effect on the growth of rats. 

Harnes (58) found that rabbits kept in dark- 
ness and irradiated daily with the quartz mer- 
cury vapor lamp showed a better initial growth 
than the non-irradiated controls, but at the end 
of 6 y 2 months there was little difference in the 
two groups, in fact, the weights of the irradiated 
group tended to be less. Brown (59) carried out 
a most extensive and interesting series of ex- 
periments in which the influence of light-environ- 
ment on the growth and nutrition of normal 
rabbits was studied by comparing the weight 
curves of animals living under different environ- 
mental conditions for periods of 4 to 8 months 
and the effects of change from one environment 
to another. Prolonged exposure to neon light was 
compared with confinement in the dark and ex- 
posure to diffuse filtered sunlight of varying in- 
tensity. The radiation from the neon lamps was 
chiefly in the red and near infrared (580 to 760 
mfi) with bands between 337 and 362 mfi. Albino 
rabbits kept in this light -environment showed a 
marked gain in weight over that of the control 
group. This gain in weight was accompanied by 
increased proliferative activity of hair follicles 
over shaved areas of the skin, and by increased 
functional activity of certain organs. The weight 
curves of animals exposed to neon light or living 
in darkness were distinctly different from those 
of the control animals. Animals ])Iare(l under 
either of these conditions showed an immediate 
and decided increase in weight, the initial rate of 
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which was much the same in the two cases. In 
the case of animals in light the gain in weight 
was continuous, and the results suggested that 
there was a definite promotion of growth with 
heightened metabolic activity. Following the 
early gain of the first month or six weeks, the 
animals in darkness began to lose weight and the 
effects suggested a depression or inhibition of 
metabolic activity. Control animals in diffuse 
sunlight showed prolonged periods in which one 
or the other of these effects prevailed. Brown 
l)elieves that the changes are out of proportion 
to the differences in the intensity of radiation and 
regards the constancy or fixity of the light-en- 
vironment as being the important factor. 

There is no question that radiant energy will 
promote normal growth and development in 
chickens fed a vitamin D deficient diet, the bene- 
fit being proportional to the unfeathered area ex- 
posed. Sheard (60), however, believes that vis- 
ible as well as ultraviolet wavelengths play a j'lart 
in this action, since chicks exposed to ultraviolet 
or visible radiation exclusively grow poorly and 
show abnormal parathyroid development. On the 
other hand, cod liver oil added to the diet will 
make up for the deficiency in either part of the 
spectrum. Much more needs to be known about 
the metabolism of the chick before these and 
other results can be correlated with results ob- 
tained on other animals. 

Basal Metabolism 

The considerable amount of clinical and experi- 
mental work done in this field has failed to con- 
sistently indicate any specific effect of radiant 
energy on basal metabolism. Kestner and his co- 
workers claim that irradiation leads to an increase 
in oxygen consumption, but the majority of 
workers have found very little change or. in some 
cases, a decrease in oxygen consumption and in 
basal metabolism (1, chapter 13), As Laurens 
points out, "‘A man by a few small muscular con- 
tractions per minute can change his metabolism 
much more markedly than by several hours of 
irradiation.*' This is aptly illustrated by a more 
recent publication by Arnautov and Weller (61). 
These authors made an intensive study of three 
subjects exposed for periods of 1 to 3 hours to 
darkness, daylight and artificial radiation. The 
maximum increase in pulmonary ventilation and 
basal metabolism found in changing from dark- 
ness to daylight was 7 p. c. Artificial radiation 
increased the pulmonary ventilation and liasal 
metabolism about 6 p. c. The authors admit that 
the differences are slight, hut believe they are 
significant in indicating a definite influence of 
radiation. 

Harris (62) claimed that irradiation of rats 
and mice with the band of radiation of wave- 


lengths 291 to 436 m/A resulted in an increase pS 
about 20 p. c. in the carbon dioxide output^ but 
Campbell (63) was unable to confirm these re* 
suits. Men, mice and rats irradiated with the cn* 
tire spectrum of the quartz mercury vapor lamp 
or with only the visible or the ultraviolet showed 
no changes in basal metabolism. 

The attempt to elucidate the part played by 
radiant energy in the production of the rise in 
basal metabolism so often observed during insola- 
tion of the nude body, has provoked a number of 
interesting investigations. The consensus of 
opinion seems to be that of the various climatic 
factors that favor the cooling of the body and 
the rise in basal metabolism, such as temperature* 
humidity, air movement and solar and sky radia- 
tion intensity, the rate of air movement is the 
most important. The rise in basal metabolism 
produced by irradiation per se is insignificant 
when compared with the change produced by ex- 
posure to the cooling effect of the air. Jakawen- 
ko (64) divides all of the climatic factors which 
effect gaseous exchange in man into two groups: 
( 1 ) those increasing the gaseous exchange, appar- 
ently due to the irritation of the peripheral cut- 
aneous nerve endings of the sympathetic, such as, 
low temperature and air movement, and (2) those 
factors which decrease the gaseous exchange such 
as air temperature, absence of air movement and 
excess of heat produced by solar radiation. The 
end result of a sun and air bath on the gaseous 
metabolism would therefore be determined by the 
specific conditions obtaining at the time of the 
exposure. 

Thyroid 

It has been suggested at various times that 
lack of sunlight plays an important part in the 
causation of human goiter. Bernhard (65) be- 
lieves that ‘'apparently in the case of endemic 
goiter there are several etiological factors, and 
one of these may well be want of light, with all 
its consequences on the quality of the air, water, 
soil, flora and fauna." He cites what seems to 
me to be questionable evidence showing that 
goiter may be prevalent in a "shady*' community 
and absent in a neighboring "sunny" location, 
since, in most cases, a change in the water supply 
was quite effective in alleviating the goiter. In 
a later section of his monograph he describes the 
treatment of twelve cases of Graves' disease in 
which marked improvement was obtained by in- 
solation. We thus have a somewhat paradoxical 
situation in which the same specific is effective in 
hypo- and hyperfunction of the thyroid gland. 

Smith (66) has restated and amplified Bern- 
hard's conclusions. From a study of data relat- 
ing to solar radiation and goiter incidence, he 
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cbncludes that endemic goiter in the United 
States, India and New Zealand is the result of a 
deficiency of solar radiation, which, in turn, tends 
to produce a deficiency of the iodine content of 
the gland due to a lack of irradiation of the air, 
soil, food, drinking water or of the skin of the 
animal organism ; and that the mechanism may be 
a lack of diffusible iodine, an increase in the 
goitrogenic factor in certain vegetables, or a dis- 
turbed calcium metabolism. This appeals to the 
writer as an unwarranted oversimplification of a 
very complex problem. 

There is, it is true, an abundance of evidence 
which indicates that both in humans and in ani- 
mals there may be seasonal variations in the size 
or weight of the thyroid gland, the iodine content 
of the gland, and the iodine content of the blood. 
One cannot, however, without more definite and 
positive evidence than is at present available, as- 
cribe these seasonal variations to differences in 
radiation, and disregard possible effects of tem- 
perature , iodine consumption, etc. As Levine 
and Remington (67) point out, ‘Tt seems quite 
reasonable to expect seasonal changes in the size, 
histological appearance and iodine content of the 
thyroid, since the demand for bodily heat pro- 
duction (regulated by thyroxin) is much greater 
in the cold winter months than in the warm sum- 
mer months. It might seem to follow, therefore, 
that the body requires more thyroxin in the win- 
ter than in the summer. This, in turn, would 
create an increased demand for iodine in the diet 
in order that the gland may manufacture the ad- 
ditional thyroxin. If the diet always contains an 
amount of iodine greater than the body's require- 
ment, it is more than likely that there will be no 
seasonal influence of temperature on the thy- 
roid for the reason that the body will always be 
able to manufacture variable amounts of thy- 
roxin as needed.'' 

Many attempts have been made to experiment- 
ally demonstrate a relationship between the thy- 
roid and radiation in lower animals. In the 
chicken, ultraviolet radiation (68, 69), or ample 
amounts of vitamin D (69), seem to l>e essential 
for the proper development of the thyroid gland. 
On the other hand, the evidence derived from 
work on the rat is extremely inconsistent. Berg- 
feld (70) and others (71, 72, 73) reported the 
development of a thyroid hypertrophy or hyper- 
plasia in rats kept in darkness or deprived of 
ultraviolet radiation, particularly of the antirachi- 
tic portion. Other investigators, however, have 
failed to confirm these results (74-77). 

In recently completed experiments (48), each 
lasting from 6 to 16 weeks, I have been unable 
to find any evidence of a specific relationship be- 
tween thyroid development and radiant energy. 
Rats fed a well balanced stock diet and placed, 


or born and reared, in darkness showed no dif- 
ference in the histological picture or size of the 
thyroid gland when compared with rats kept in 
diffuse roomlight or exposed to sunlight, carbon 
or quartz mercury vapor arc radiation. Bergfeld 
and Bennholt-Thomsen and Wellman, who re- 
ported the development of thyroid hyperplasia in 
rats kept in darkness, fed their animals on bread 
and milk, a diet which has been shown to be 
moderately goitrogenic. A second series of ex- 
periments was therefore designed to test the pos- 
sibility that their positive results were due to the 
fact that darkness enhanced, and r^idiation pre- 
vented or diminished, the hyperplasia resulting 
from the feeding of a goitrogenic diet. Fifty- 
five rats, all born in the dark room, were fed a 
fresh milk and white bread diet for 9 weeks. 
Various types of exposures were used. Controls 
were placed in the “light" stock room, other 
groups were irradiated with the quartz mercury 
vapor lamp, carton arc, or with sunlight, using 
the entire spectrum, the ultraviolet only, or the 
entire spectrum filtered through window glass. 
Our results were again negative throughout and 
failed to yield evidence tliat darkness enhances 
the hyperplasia produced by feeding of the goi- 
trogenic (bread and milk) diet, or that radiation 
prevented its development. On the contrary, 
the most hyperplastic glands were those in the 
rats which were exposed to unfiltered sunlight 
(see also McCarrison (77) ). 

Bergfeld (69b) reported that when an extract 
made from the skin of rats irradiated with wave 
lengths 280 to 318 m^i was injected into rats kept 
in darkness, the hyperplasia disappeared and the 
histological picture returned to normal. Nitschke 
suggested that Bergfeld’s success with the skin 
extracts was due to the vitamin D formed in the 
skin upon irradiation with ultraviolet. He ac- 
cordingly fed irradiated ergosterol (Vigantol) to 
rats kept in darkness, and reports a disappearance 
of the hyperplasia and return to the normal his- 
tological picture. Bennholt-Thomsen and Well- 
man found that O.OS cc. of Vigantol daily for 4 
weeks prevented the development of hyperplasia 
in rats kept in darkness on a bread and milk diet. 
These results, demonstrating an anti-goitrogenic 
action of irradiated ergosterol, are difficult to re- 
concile with those of Thompson (78) and Levine, 
Remington and von Kolnitz (79) who found that 
the addition of vitamin D (as viosterol or irradi- 
ated yeast) to the Steenbock rachitic (and 
goitrogenic diet) in no way prevented or lessened 
the development of hyperplasia. To determine 
the relationship between vitamin D, thyroid and 
radiation, a third series of experiments was con- 
ducted in which the Steenbock rachitic (and 
markedly goitrogenic) diet was fed to fifty-five 
rats for 7 weeks. Supplements of viosterol and 
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KI were added to the diet of appropriate control 
groups kept in darkness, others were irradiated 
with the carbon arc or with the entire spectrum 
or the ultraviolet part only of the quartz mercury 
vapor arc. All rats in the dark control groups 
whose diets were unsupplemented, or supplement- 
ed with KI, developed moderate or florid rickets. 
No rickets was found in the irradiated groups, 
showing that at least sufficient vitamin D was 
being furnished to provide for proper calcifica- 
tion. Marked hypertrophy and some degree of 
hyperplasia were evident in the thyroid glands in 
all groups except the group fed KI supplement, 
llie addition of viosterol, while protecting the 
animals against rickets, failed to materially in- 
fluence the development of the hyperplasia in 
either direction. Radiation not only failed to 
prevent, but as in the preceding series, actually 
enhanced the degree of hyperplasia of the thyroid. 
If radiation is indeed essential to the proper de- 
velopment of the thyroid gland in the rat, we liave 
thus far been unable to discover the conditions 
necessary for the demonstration of this fact. 
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Discussion 

Dr. Harris : I believe that MacLeod ob- 
tained some very curious results for the polynu- 
clear counts in people living in various parts of 
tlie world, the average polynuclear count of 
people in one locality l>eing different from the 
average count for people in another. Is it likely 
that this is correlated with differences in intens- 
ity? 

Dr. Ponder: I don't think so, for the highest 
polynuclear counts were obtained in Florida, 
where there is plenty of sunlight, but also in the 
midlands of England, where the radiation intens- 
ity is certainly not comparable to that in Florida. 
I think that the differences must I)e due to factors 
other than light intensity, although we don't know 
what they are. Differences in radiation might, of 
course, be important if one were considering high 
altitudes. 

Dr. Mayerson: I believe we should be ex- 
tremely cautious in ascribing geographical differ- 
ences in function to solar radiation in the ab- 
sence of definite and accurate information as to 
its intensity and character at each particular 
place. I am particularly critical of workers who 
assume that ultraviolet radiation varies directly 
as the average total radiation and so ascribe their 
results to ultraviolet radiation. To one who has 
measured solar radiation and who knows the ex- 
treme variability of ultraviolet radiation with at- 


mospheric and sky conditions, such an assumption 
is absurd. For example, Fresno, California, re- 
ceives an extremely large amount of total radia- 
tion throughout the year, much more than New 
Orleans, but the antirachitic ultraviolet component 
IS hardly two-thirds as great as in New Orleans. 
We must also bear in mind that in most places 
there is very little radiation of wavelengths 
shorter than 300 m/x even under ideal conditions 
in summer and not very much that is less than 
305 m/i or even 310 m^ix during the winter. 

Dr. Davenport : I have had some little experi- 
ence bearing on the effect of radiation in the 
question of goiters. I studied families in the 
valleys of Western Maryland with reference to 
the distribution of goiter, and found families, re- 
ceiving about the same amount of sunlight, re- 
ceiving the same amount of iodine in the water, 
because they drank the same water, yet differing 
greatly in the incidence of goiter. There were 
some families where, with twenty in the family, 
there were no cases of goiter, and others in which 
a large portion of the members of the family were 
aflfected by goiter. There were some cases of 
intermarriage between members of a family 
which never had goiter, and members of a family 
which had goiter. In these, goiter appeared in 
the first generation of offspring. These facts led 
to the hypothesis that in seeking the cause of goi- 
ter as, indeed, of other effects, the constitution of 
the individual must be taken into account. We 
cannot say that absence of sunlight is tlw cause 
of goiter, or insufficient iodine is the cause. In 
general, most human effects have two or more 
causes and individual constitution is one of them. 

Dr. Ponder: I think that one must be very 
cautious in interpreting some of the experiments 
on the red cell response of the marrow and on anti- 
anaemic substances, if for no other reason than 
that the white cell response of the marrow is a 
very complicated one, and because red cells and 
white cells are derived, after all, from the same 
progenitors. Some years ago, I and my collabora- 
tors irradiated rabbits both with X-rays and with 
ultraviolet light, and this resulted in a sharp de- 
flection of the polynuclear count, the blood stream 
being filled with young forms from the marrow 
within a few hours. But one gets the same thing 
by burning the skin with a hot iron, or even by 
only bruising the skin, and the effect does not ap- 
pear to be specifically associated with radiation. 
It seems to follow superficial or deep injury of 
any kind. An even more curious phenomenon 
occurs under similar circumstances in the cat and 
the rabbit, and possibly in other animals; the 
white cell count and the blood pressure steadily 
fall in an animal in which the skin is cut or in- 
jured, and may reach less than 50 percent of their 
initial value after a few hours. Obviously some 
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substance must pass from the site of irradiation, 
or injury, to the marrow, and we came to the 
conclusion that the substance, or substances, is 
some protein degradation product. Peptone, nu- 
cleic acid, adenylic acid, and other similar sub- 
stances are capable of acting as powerful marrow 
stimulants, and as these are almost certainly pro- 
duced at the site of injury, we may temporarily 
suppose that they are the marrow stimulants. One 
very good stimulant for the leucogenic centres in 
the marrow is the blood of the animal itself, for 
if some blood is drawn off, allowed to stand, and 
then re-injected, there is an appreciable deflection 
of the polynuclear count. If the blood is liaemo- 
lysed before being re-injected, the marrow re- 
sponse is of enormous magnitude. The situation 
in human pernicious anaemia may be quite differ- 
ent, of course, from the situation in the normal 
rabbit. I feel doubtful of the alleged specific ef- 
fect of stromata nevertheless. One of the most 
difficult things in the world is to prepare stroma- 
ta without ^tering the stroma material to such 
an extent tliat reactions obtained with it are phys- 
iologically meaningless. We know, of course, that 
cytolysed white cells provide a very effective stim- 
ulus to the leucogenic centres, and it would be 
very nice if stromata were to provide an effective 
stimulus to the erythrogenic centres. The point, 
however, would not be so easily proved as some 
people think. One has only to look at the history 
of the so-called “erythropoietins” in order to see 
what the difficulties are. 

Dr, Blum: There has been an unfortunate 
tendency to assume that photodynamic sensitiza- 
tion is a mechanism similar to that of normal 
photo-physiological effects produced by ultraviolet 
radiations shorter than 3200 A, (3ne may often 
produce similar results by the two methods, just 
as Ponder has found with various types of 
skin injury. We have every reason to believe the 
mechanism to be entirely different. The idea that 
they are the same has led to various assumptions. 
For instance, I recall a case where hematopor- 
phyrin injection followed by irradiation was used 
in the hope of curing rickets simply because such 
treatment produced sunburn and pigmentation. 

Dr, CUmenkx): Ponder mentioned an experi- 
ment which I should like to elaborate. The 
exposure of rabbits to ultraviolet irradiation will 
evoke a leucogenic reaction which is character- 
ized by a marked increase in the numl)er of ju- 
venile polymorphs in the peripheral circulation. 
The administration of irradiated ergosterol to 
such animals will produce a similar stimulation. 
In both instances, the leucogenic response was as- 
sociated with a marked increase in the serum-cal- 
cium level. The administration of irradiated er- 
gosterol to man, however, produces no such ef- 
fect. A group of patients was studied who were 
being treated with massive doses of irradiated 


ergosterol for such conditions as active rickets, 
delayed union of fractures, and osteitis frarfi- 
tans. None of these patients showed any indica- 
tion of leucogenic stimulation, nor did any of 
these patients show a significant change in the 
serum-calcium level. This suggested the possi- 
bility of the original response resulting from the 
change in the calcium level, rather than from any 
direct effect of the ultraviolet irradiation. A 
series of animals did show a definite leucogenic 
stimulation when either calcium chloride or cal- 
cium gluconate was administered intravenously* 
There was no specificity related to calcium 
changes, for a similar stimulation could be pro- 
duced by the administration of iron, copper, co- 
balt and zinc. In fact, the intravenous admims- 
tration of small quantities of distilled water was 
found to be capable of affording an effective 
stimulus. 

Dr. Meyer: It would be valuable to observe 
the gastric secretion concomitant with the local 
effects of radiation. If histamine or a histamine- 
like substance is produced locally, one might ex- 
pect a stimulation of gastric secretion. This might 
be correlated with stimulation of the hematopoi- 
etic function, in view of the fact that the origin 
of the anti-anemic factor of liver is in the gas- 
tric secretion (Castle's ferment). 

Dr, Ponder: Histamine monohydrochloride 
has no effect on the rabbit bone marrow. 

Dr, Bills: Related to the general remarks, I 
recall the experiments of some of the German and 
Swiss milk-producing concerns who were prompt 
to take up the idea of irradiating milk a few 
years ago. They had trouble at first with irradi- 
ated milk showing toxic effects ; these were 
traced to protein decomposition products and not 
to the vitamin. It was a good example of the 
protein degradation products that can be produced 
by exposure to ultraviolet radiation. 

A chemist’s first thought on the material pre- 
sented by Mayerson is that radiation, in those in- 
stances where it produces distinct physiological 
effects, duplicates the end results of various po- 
tent medicaments. If radiation acts through 
forming pliarmacologically active principles, as it 
is reasonable to assume it does, our future prob- 
lem is to learn what they are. 

Our present knowledge of one class of active 
substances which are produced by irradiation 
came rather suddenly through the studies with 
vitamin D. Now we know that there are sever^ 
vitamins D, with differing physiological actions, 
and in addition that sterol derivatives related to 
vitamin D have markedly diverse actions as car- 
diac poisons, sex hormones, bile acids, venoms, 
and a group of materials which alter the mineral 
composition of the blood without exhibiting an- 
tirackitic action. If all these comprise one closely 
knit chemical family, how many more active 



Radiation in Physiology 


313 


lights can one expect from the innumerable ma- 
terials in the body that are capable of absorbing 
light and being altered by it I 

Not to prejudice you with the importance of 
vitamin D, I may recall a few facts atout it which 
fit with Mayerson’s topics. Although basal meta- 
bolism is not much affected by direct irradiation, 
it is undoubtedly increased by massive doses of 
at least one of the forms of vitamin D. This 
was shown in the work of Reed with irradiated 
crgosterol. However, ergosterol is prol>ably not 
present in the animal body, and therefore that 
form of vitamin D which an animal receives by 
irradiation is something chemically different from 
irradiated ergosterol. It is interesting also to re- 
call Nitschke's experiment which showed that 
hedgehogs given irradiated ergosterol at the time 
of their winter sleep did not hibernate, but re- 
mained warm and active. 

The anti-anemi^ effect of radiation in tubercu- 
losis reminds me that the very earliest experiment 
in which an irradiated remedial agent was admin- 
istered dealt with the anemia of tuberculosis. 
Thompson in 1854 found that coconut oil, as 
made in Ceylon (by the sun's rays on copra) was 
almost as effective as cod liver oil, whereas al- 
mond oil and olive oil were without action in the 
anemia of tuberculosis. Thompson barely missed 
a great discovery, for which we had to wait three- 
quarters of a century. 

It is significant that iron accompanies calcium 
in rickets. I wonder that studies on this relation- 
ship have been so few. Beard's work of course 
is well known. Another piece of work not so 
well known is that by MacCallum, about a decade 
ago. He found, in examining rats from Dr. Col- 
lum's colony, that those with healing rickets 
showed dejxDsits of iron wherever calcification 
was seen. The well known line test for rickets 
can, in fact, be carried out almost as effectively 
by staining the sections for iron as by staining 
them for calcium. 

Dr. Sheard: Blood pressure and pulse rate 
are affected by so many factors and, in some in- 
stances, so readily, and hypertension is of such 
varied type or character that considerable care 
must be exercised in the criteria which are estab- 
lished in experimentation on blood pressure, pulse 
rate, cardiac output and so forth. However, I 
believe we may accept as proven the conclusion 
that, in general, irradiation tends to (1) reduce 
blood pressure, (2) increase pulse rate and (3) 
increase cardiac output in man. The possible 
causes of the reduction in blood pressure have 
been presented in resumi by Mayerson. From 
my own experimental observations I feel certain 
that the inhalation of the combustion products, 
such as ozone and nitrous oxide, produced by 
various types of ultraviolet lamps, tends to reduce 


blood pressure even though the body is not irra- 
diated. However, judging from the results ob- 
tained from various types of investigation which 
my colleagues and I have carried on, I believe 
that the chief cause of reduction in blood pres- 
sure and other effects produced on the circulatory 
system is to be ascribed to the dilatation of the 
capillaries with an increase in the number of open 
or functioning capillaries of the skin and super- 
ficial tissues, thereby producing a decrease in the 
peripheral resistance to blood flow. Certain 
measurements that I have made on the differences 
of potential across specified areas of the extremi- 
ties, before and after irradiation, indicate quite 
definitely that the superficial blood flow is en- 
hanced. Without doubt, irradiation of the skin 
produces a disturbance of the balance between 
the peripheral sympathetic and splanchnic para- 
sympathetic tone. Again, I believe that the work 
of Lewis and of Harris quite clearly indicates the 
liberation of substances with histamine-like prop- 
erties and action, leading to dilatation and in- 
creased permeability of the blood vessels. Hence 
it is apparent that any such effect as the reduction 
of blood pressure by radiant energy is not to be 
attributed to a single factor but rather to several 
agents or reactions which may vary in different 
individuals and at different times in the same in- 
dividual. 

Penetrating heat (infrared) radiation from 
carbon arcs, quartz mercury lamps and so forth 
would produce, after absorption by the tissues, an 
erythema which would affect the blood vessels of 
the superficial and deeper layers of tissue. In 
general, the effects due to heat (infrared) eryth- 
ema are more or less transient in character and I 
am of the opinion that the ultraviolet and near- 
ultraviolet portions of radiant energy are chiefly 
responsible for these reactions. At any rate, sub- 
sequent to irradiation with sources rich in ultra- 
violet light 1 have found that the temperatures 
of irradiated areas in an arm or leg of a human 
subject are a degree or two (Fahrenheit) higher 
than in corresponding areas in the non-irradiated 
extremity. These thermal differences persist for 
some days following an erythema dose. Increased 
temperature is indicative of increased blood sup- 
ply and, therefore, of increased blood flow or de- 
creased circulation time. 

Hemoglobin and Anemia 

In discussions relative to the effects of radiant 
energy on the content of hemoglobin, red cell 
count and in the treatment of anemia, it should be 
emphasized that radiation cannot serve as a sub- 
stitute for dietary deficiencies in the formation of 
hemoglobin. The same statement is applicable to 
researches on rickets and calcium metabolism, 
since it has been shown that radiation is effective 
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only by virtue of the fact that it serves as an 
energizing or vitalizing element, thereby enabling 
the organism to utilize materials which may be 
present, but in an unusable or unavailable state* 
Hemorrhagic and hemolytic anemias are marked- 
ly different in character. We should expect but 
little influence of radiant energy in hemorrhagic 
anemia, since in severe cases the reserves of iron 
may be depleted whereas, in hemolytic anemia, 
there is the possibility of the utilization of the 
iron which is made available by the destruction 
of the hemoglobin or, again, radiation may serve 
as an agent to minimize the destruction of hemo- 
globin. In general, the normal processes and 
stimuli to hematopoiesis may be present, but it 
is as impossible for the body, with or without 
radiation, to make hemoglobin and to counteract 
anemia without the essential materials as it was 
for the Israelites to make brick without straw. 
Therefore, in many of these problems there are 
three factors of essential importance: (1) ade- 
quate supply of materials, (2) materials in an 
available form, (3) chemical reactions and end 
products resultant on the absorption of radiant 
energy. 

Thyroid and Parathyroid Glands 

In the case of the parathyroid glands of chick- 
ens, my colleagues and I (cited by Dr. Mayerson) 
have shown that normal growth of chickens and 
normal development, growth and function of 
the parathyroid glands do not occur under selec- 
tive regions of the solar spectrum. When young 
chicks are fed on diets adequate in all particulars 
except vitamin D, normal growth and normal 
parathyroid glands are found only when the 
chicks are fed cod-liver oil or viosterol, or are 
housed under quartz glass which adequately trans- 
mits the visible and ultraviolet portions of sun- 
light. Chicks housed under amber or blue glass 
filters developed hypertrophy and hyperplasia of 
the parathyroid glands ; the same results occurred 
when groups of chicks were housed behind purple 
Corex glass which transmits little solar energy 
except in the near ultraviolet region. Adequate 
exposure of the chicks, housed under amber or 
blue glass filters, to radiation from air-cooled 
quartz mercury lamps induced normal growth of 
chicks and normal growth and development of 
parathyroid glands (Sheard, Higgins and Foster, 
1930). 

In 1934 Higgins, Wilder and I reported the re- 
sults of experiments on the effects of ultraviolet 
irradiation of rachitic chickens. The effects of 
diets deficient in vitamin D are shown not only 
in the bones, but also in the thyroid and parathy- 
roid glands and in the blood constituents (Ma- 
rine, Nonidez and Cxoodale, Higgins and Sheard, 
Turner and Benedict). Our recent investigations 


show tlmt ultraviolet irradiation of rachitic chicks 
produced these effects: (1) The long bones be- 
came firm and hard, the cysts of the cortex dis- 
appeared and normal calcification was restored. 
(2) I'he calcium content of the blood was re- 
stored to normal and the calcium-phosphorus ra- 
tio was raised from 1.11/1 to 1.9/1, the phos- 
phorus content, however, remaining high. (3) 
The greatly enlarged parathyroid glands were re- 
duced almost to normal. (4) The hyperplastic 
thyroid glands resumed the appearance of the 
normal glands; the follicles were as large as, or 
larger than, those of the control chickens and 
were well filled with colloid, and the parafollicu- 
lar cells were normal in their distribution. These 
and similar experiments show the dependence of 
the normal development and function of the thy- 
roid and parathyroid glands on some form of vi- 
tamin D. 

There is also the interplay between parathyroid 
hormone and vitamin D in preventing h)q)ertro- 
phy and hyperplasia of the parathyroid glands. 
Apparently the ability of the parathyroid glands 
to increase the supply of their products repre- 
sents a compensatory mechanism which protects 
the organism against relatively low degrees of 
deficiency of vitamin D. The parenteral admin- 
istration of parathormone in minor degrees of 
deprivation of sunshine or vitamin D (insufficient 
to cause rickets, but permitting hyperplasia of 
glands) prevents hypertrophy and hyperplasia. 
Other observations of Wilder, Higgins and me 
have led to the conclusion that the supply of para- 
thyroid hormone determines the sensitivity of the 
organism to the action of vitamin D. By virtue 
of the capacity of the parathyroid glands to accel- 
erate the rate of supply of their product, and 
owing to the resulting conditioning of the tissue 
(increased sensitivity to vitamin D), the organ- 
ism is enabled to withstand periods of relative 
deficiency of vitamin D which otherwise would 
produce rickets or osteomalacia. This compensa- 
tory mechanism is adequate to protect against 
relative degrees of deficiency of vitamin D; it is 
inadequate, as would be expected, when deficiency 
of vitamin D is extreme. 

In a survey of 134 proved cases of hyperpara- 
thyroidism, prepared by Wilder, (in press) it is 
demonstrated that very few cases have been 
found in the central (Mississippi Valley) states 
as compared with England or New England. On 
the other hand, hyperthyroidism and goiter have 
been commonly found in the inland r^ons of 
the United States, and but infrequently in New 
England or England. The deficiency of iodine 
in the diet and the prevalence of thyroid dysfunc- 
tion and hyperthyroidism in people living in re- 
gions in which there is a relatively large numW 
of clear, sunshiny days, paints to the conclusiaii 
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that solar energy as such is a minor factor in 
these conditions. On the other hand, hyperpara- 
thyroidism may be dependent chiefly on a defi- 
ciency of solar energy (particularly in people 
living in cities and in regions of frequent cloudy 
days) rather than on calcium and phosphorus de- 
ficiencies. By inference from the experiments on 
animals the suggestion may be ventured that hy- 
perparathyroidism is due to the attempt of the 
parathyroid glands to increase the supply of their 
product to serve as a compensatory mechanism 
and thus protect the organism against relatively 
low degrees of deficiency of vitamin D. How- 
ever, the parathyroid glands of the majority of 
men and women are apparently able to increase 
functional activity without hypertrophy. Hamil- 
ton and Schwartz have given us clinical evidence 
of increased parathyroid function in children de- 
ficiently supplied with vitamin D. There is, there- 
fore, an intimate cycle of products of parathyroid 
glands, radiant energy or vitamin D, and avail- 
able supply of mineral ingredients. 

Dr, Mayersofi : I am not sure that I am will- 
ing, at the present time, to go so far as Sheard 
does in postulating a very close reciprocal rela- 
tionship between vitamin D and the parathyroid. 
Although vitamin D seemingly can be used to 
compensate for lack of j^arathyroid hormone 
when the latter is deficient in amount, there is 
considerable evidence tending to show that the 
reverse substitution cannot be made. 

Dr, Bills: In some cases the vitamin and the 
hormone may even act antagonistically. It is re- 
markable how different substances affect calcium 
metabolism in different ways. Moderate doses of 
vitamin D cause the deposition of calcium in the 
bones if the bones need it. Parathyroid honnone 
elevates the blood calcium particularly, and may 
even do so at the expense of the bones if the sup- 
ply in the diet is short. Massive doses of vita- 
min D, and smaller doses of certain decomposi- 
tion products of vitamin D, such as toxisterol, act 
somewhat like the parathyroid hormone. This 
picture is over-simplified, no doubt, but covers 
the situation in the fewest possible words. 

Dr, Mayerson: In closing this discussion I 
should like to re-emphasize the work of Brown. 
His experiments are unique in that the rabbits 
were exposed continuously to the light environ- 
ment The fixity or constancy of the light en- 
vironment is assumed to be an important factor. 
This assumption is supported by the fact that we 
(Mayerson, Gunther and Laurens, Am, J. Phys- 
iol, 75, 399; 421, 1926.) found that calcium and 
phosphorus in dogs were affected by a change 
from foomlight to darkness, or vice versa, in the 
same way that they were by irradiation with the 
flaming carbon arc. Crofts and Laurens (Am, J, 
Physiol, 60, 300, 1924} also found that, in the 


frog, absence of light disturbed the respiration in 
the same way as a short exposure to radiation 
did. This would seem to indicate that a positive 
or negative variation in the amount of radiation 
produces similar changes in function. Additional 
work (using Brown’s method of subjecting the 
experimental animals continuously to the radia- 
tion) under investigation should yield valuable 
results. 

Dr, Hausmann: The presentation of Mayer- 
son is a welcome addition to the excellent volume 
of Laurens, ‘‘The Physiological Effects of Radi- 
ant Energy’\ Somewhat disappointing but perti- 
nent is the statement that up to the present the 
outstanding successes of light therapy are to be 
found primarily in the treatment of rickets and 
of extrapulmonary tul)erculoMS, At this point — 
it has also been considered in a footnote by May- 
erson — I would again like to recommend that the 
use of the general expression ‘‘radiation” be re- 
placed (when strictly discussing the effects of 
light) by the designation “light” — or at least “ul- 
traviolet rays”. Out of the complete picture pre- 
sented I may only touch on a point or two, e.g. — 
our knowledge of “darkness”. Our knowledge of 
this field has been developed, indeed, by Laurens 
and Mayerson themselves. In agreement with 
the great physiologist, Jacques Loeb, who carried 
out his most significant experiments in the United 
States, I have also pointed out repeatedly that 
light does not represent a necessity for life in 
the sense of ”Sein” or ‘‘Nicht sein” for animal 
life and humans. Further, as Giinzburg of Ant- 
werp has emphasized, we are dealing, in many in- 
stances, with organisms which ingest plants 
grown in light or their products. The extraordi- 
narily interesting recent researches which demon- 
strated animal life 900 meters deep in the ocean 
have added new proof that light can be dispensed 
with in the above sense. Mayerson’s presentation 
of the significance of the ultraviolet rays on flow- 
ing blood has been of especial interest to me since 
it seems to bring us closer to a solution of the old 
question regarding the direct and indirect action 
of light. All in all, in contrast to the sharply de- 
fined facts derived from the study of light path- 
ology and light therapy, the study of purely 
physiological effects is still, as ever, very difficult 
to grasp and to reduce to simple fundamentals. 
This, I believe, is in agreement with the concep- 
tion that light is not a “conditio sine qua non” as 
oxygen is. The most important representations 
of Mayerson support the validity of this point 
of view, for they indicate the difficulties of the 
problems advanced by Mayerson and Laurens 
themselves. 

Dr. Ellinger: I should like to supplement 
Mayerson's interesting statements by saying that 
the liberation (Lewis) as well as the photochem- 
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ical production of histamin and histamin-like sub- 
stances (H-substances) (Ellinger) which are 
used to explain the dilation of skin capillaries 
designated as light erythema, in my opinion, war- 
rant advancing the ‘‘histamin hypothesis of radi- 
ant energy action”. The action of these H-sub- 
stances on the skin capillaries not only accounts 
for light erythema but for the decrease in blood 
pressure which follows irradiation as a result of 
the diminished peripheral resistance. The recent 
hnding of Riihl, that histamin dilates the coron- 
ary arteries, strengthens the explanation of the 
successful treatment of angina pectoris as being 
due to the presence of these H-substances in the 
blood stream. The increase in the minute volume 
which was observed by Lindliard is also explained 
by this hypothesis, since, according to the results 
of Orzechowski, histamin acts on the heart even 
in a concentration of 10“® to 10^®. Now the ques- 
tion arises whether one is justified in regarding 
the circulation of such H-substances produced in 
the skin as responsible for the different effects of 
radiation on the circulation and on metabolism. 
This view seems to me to be confirmed by the 
following observations : 

(1) Feldman and Azuma, in pharmacological 
experiments, have shown that blood of irradiated 
animals obtained by heart puncture loses its vaso- 
constrictor power, but that this effect is not pres- 
ent when the skin is covered with lampblack pre- 
vious to the irradiation. This definitely indicates 
that the vasodilator substance is produced in the 
skin. 

(2) The capillary dilation can be obtained at 
places other than those directly irradiated (Cra- 
mer and Lewis). 

(3) A particularly important argument for the 
circulation of H-substances in the blood is the in- 
crease in the secretion of gastric juice which has 
been shown to occur after irradiation with artifi- 
cial ultraviolet (Diehl) and after sun baths 
(Barone). This result is particularly important, 
since like the decrease in blood pressure, it is an 
essential criterion for histamin. 

Of the numerous facts which were discussed in 
Mayerson’s paper, the information that leuco- 
penia is a result of irradiation with ultraviolet, is 
surprising. This observation is in contradiction 
to observations of numerous other investigators. 
Also, this observation is not consistent with the 
“histamin hypothesis of radiant energy action”. 

Without t^ing up further details of Mayer- 
son's discussion with respect to the blood and the 
circulation, I should, nevertheless, like to add an 
observation by Garot, who found that the de- 
crease of blood pressure which is observed in 
adults as a result of irradiation does not appear 
in children. This is interesting because I have 
found that in children aged 6 to 12 years the sen- 
sitivity of the skin to light is about 50% lower 


than in adults, a result of particular importauctii 
which explains the observation by Garot on the 
basis of the “histamin hypothesis of the radiant 
energy action”. 

To the observations concerning the influence of 
radiation on the secretion of gastric juice, I 
should like to add a few remarks about the proV 
lem of the elfects of ultraviolet radiation on gas- 
eous exchange. This, as is well known, is the 
sum of the essentially constant basal exchange 
and the variable increase due to activity. Since 
the latter is dependent to a considerable degree on 
outside influences, such as temperature, the ex- 
periments on the influence of sunlight are diffi- 
cult to explain and have led to the contradictory 
results to which Mayerson refers. Clinicians liavc 
inferred that there is an increase in gaseous ex- 
change after irradiation as a result of the obser- 
vation that there is an increase in appetite after 
irradiation with sunlight or artificial ultraviolet, 
although conclusive experimental evidence has not 
been obtained to support this assumption. The 
clinical observation of increased appetite after ir- 
radiation has been experimentally confirmed, as 
indicated above, by Diehl, who found an in- 
creased gastric secretion after irradiation. The 
increase in gaseous excliange suggested by these 
experiments has been deniotistrated by Lehmann 
and by Lehmann and Szakall. These experiments 
were carried out with a careful elimination of all 
factors apt to confuse the picture of the radiation 
effect, in particular by keeping a constant room 
temperature and by using an artificial source 
(mercury vapor lamp). Healthy people were used 
for the experiments. Along with the production 
of an erythema by short intensive radiation there 
occurred an increase in basal metabolism, while 
chrome irradiation led to a 10 to 15 p. c. decrease. 

While, on the basis of the “histamin hypothe- 
sis of radiant energy action”, one may interpret 
the increase in basal metabolism as due to an in- 
creased activity of the thyroid gland because of 
better circulation of blood through it and because 
of the circulation of H-substances in the blood, 
nevertheless the nature of the chronic action i$ 
still very obscure. These experiments further 
showed that the respiratory quotient, for a mixed 
diet, increases from a value of 0*75-0.85 to over 
1, signifying increased oxidation of carbohy- 
drates. The observation that ultraviolet radiation 
prevents the decrease of the respiratory quotient 
resulting from bodily work, which according to 
Simonson represents the expression of glycogen 
poverty of the body as a result of work, is quite 
consistent with Pincussen's recent demonstration 
that the well-known decrease in blood sugar after 
ultraviolet radiation is connected with a glycogen 
fixation in the internal organs. Evidently the 
glycogen fixation by the irradiation is able to 
counteract the glycogen decrease due to the mue* 
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activity. This makes it easier to under- 
stand the results of Lehmann and Szakall who 
found an increased ability (up to 60 p. c.) to do 
work on the ergometer after ultraviolet irradia- 
tim, I have discussed these results rather in de- 
tail because of their practical importance. They 
ate observations which in this age of sport should 
interest the layman very much. 

As to the statements of Mayerson on the im- 
portance of irradiation for animal growth, 1 can 
only partly a^ee with his conclusion that the re- 
sults given fail to show any influence. Undoubt- 
edly mammals can withstand light deprivation for 
a long time if they have sufficient (vitamin-con- 
taining) food. In connection with experiments 
by Ludwig and V. Ries on the influence of 
visible radiation on growth, the observation 
that among the animals brought up in absolute 
darkness there were some, which at the end of 
the observation period, showed the largest 
weights, seems to me, however, important. They 
found that mice irradiated exclusively with red 
light first showed an increased growth in length, 
while later, undoubtedly due to lack of vitamin D, 
they died. Evidently the initial increase in 
powth in these experiments is a result of the 
lack of irradiation. If one now compares these 
observations with the facts given by Mayerson 
one arrives at the conclusion that lack of light, 
together with sufficient food, increases growth to 
a certain extent. In this connection I have ob- 
served in travelling in Scandinavia a great fre- 
quency of very tall people and in general the very 
large people are found in regions where they have 
a long winter, as compared with the much smaller 
people in the Southern part of Europe, such as 
Italy. It seems to me that something similar is 
also seen among meml>ers of the Mongolian race, 
because according to the few observations which 
I have had occasion to make, the Chinese in the 
northern part of the country seem in general to 
be heavier built than those in the southern part. 
Although I am quite aware that on the basis of 
these observations only hypothetical conclusions 
can be derived which can be proved only by mea- 
surements in a large number of cases and by a 
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Statistical treatment of the data, etc., nevertheless 
it seems to me that here perhaps is a suitable way 
to under.stand the still open question as to the in- 
fluence of irradiation on animal and human 
growth. The question as to the importance of 
the influence of irradiation on animal growth em- 
phasizes the peat difficulty in the explanation of 
animal experiments in general and especially in 
the field of experimental radiation therapeutics, 
to which I have referred elsewhere. (Strahlen- 
therapie, 47, 12, 1933). The judgment as to the 
effect of ultraviolet radiation on the thyroid gland 
seems equally difficult. As one may conclude 
from the interesting and voluminous experiments 
which Mayerson presents, radiation cannot pre- 
vent hypertrophy of the thyroid. Nevertheless, 
one can readily show that there is a definite effect 
of irradiation on the thyroid glands. Other work- 
ers, as well as myself, have observed that a strong 
solar or mercury vapor lamp exposure precipi- 
tates a motor disturbance, which may develop into 
a definite state of excitation and undoubtedly is 
an acute thyreotoxic symptom. These results can 
easily be explained by means of the histamin hy- 
pothesis, since, as I have already explained, his- 
tamin leads to an important increase in the circu- 
lation of blood and therefore to an increase in 
function of the thyroid gland which is evidenced 
in the same manner as in a gland known to be 
definitely hyiierfunctional. If one considers the 
contradictory experimental results reviewed by 
Mayerson, it is not possible to believe that lack 
of light and especially lack of ultraviolet is an 
etiological factor in the production of endemic 
goiter as Bernhard believes, and I can agree with 
Mayerson in summarizing the goiter problem 
when he says: 'Tf radiation is indeed essential to 
the proper development of the thyroid gland of 
the rat, we have thus far been unable to discover 
the conditions necessary for the demonstration of 
this fact.'' This understanding can stimulate biol- 
ogists working in the radiation field to try to ex- 
plain this relation between radiation and the de- 
velopment of goiter, since it is particularly true 
in the field of experimental radiation therapy that 
'‘Here are difficulties to be overcome**. 
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The type of photosensitization described by 
Oscar Raab (22) in 1900 has been most often 
referred to as photodynamic action, a term which 
implies a more general importance than can be 
attributed to the phenomenon. The term is con- 
venient, however, and 1 shall employ it in my 
discussion to designate this particular type of 
photosensitization. Essentially, the phenomenon 
is the production of changes in biological s 3 'stems 
by light acting upon a photosensitizing substance 
which has been added to the system. The photo- 
sensitizers include a wide range of natural and 
synthetic dyestuffs ; the changes produced are 
usually destructive. While the attempt has been 
made to explain many types of photobiological 
phenomena in terms of such reactions, these at- 
tempts have generally failed. It will be the pur- 
pose of this paper to consider the mechanism of 
photodynamic action. 

Since the radiation which produces such phe- 
nomena is limited to those wave lengths absorbed 
by the particular sensitizer (see 6 and 7), the 
first act in the process must be the activation of 
the sensitizer molecule S. 

(I) S + hv S' 

The reactions occur only in the presence of O 2 
(see Blum and Spealman, 8 and 10), which must 
thus be a component of some reaction following 
(I). We may write schematically: 

(II) S'-f 02-^02*+ S 

where we wish to indicate tliat the O 2 molecule 
is induced to participate in certain reactions, but 
not to indicate a direct transference of the activa- 
tion from S' to O 2 . 

The possible steps involved in (II) are numer- 
ous. For example, S' might combine with or 
transfer its energy of activation to (a) O 2 , (b) 
an oxidizable substance which might then react 
with O 2 , (c) H 2 O, since these reactions always 
occur in aqueous solution. Other possibilities 
might be enumerated, but there is little basis for 
a choice at present. The first possibility, combi- 
nation of S' and O 2 , would seem improbable 
from the observations of Gaffron (13) and Blum 
and Spealman (8). We must await further 
studies of the reaction of these dyes in aqueous 
solution before we can decide upon the mechan- 
ism of these secondary reactions. We do know 
that in simple aqueous solutions containing the 
dye S, and an oxidizable substrate A, oxidation 
of the substrate may occur: 

(III) O 2 -f- A oxidation products of A 

and that coincidently the dye is oxidized, i.e., ir- 
reversibly bleached. 


(IV) ()2 + S--» oxidation products of S. 

It has not been generally recognized that this lat* 
ter reaction (IV) occurs to an appreciable ex- 
tent, since it is very difficult to detect the disap^ 
pearance of the dye by simple inspection. It is 
readily revealed by spectrophotometric examina- 
tion, however, (see 8). This bleaching of the 
dyie is obviously an important factor to be con- 
sidered in studying the kinetics of such photo- 
oxidations, and has, moreover, a particular im- 
portance in photodynamic action, as will be 
pointed out below. 

Although it would seem a relatively simple 
matter to study the kinetics of such photo-oxida- 
tions, there are certain difficulties which must 
apply to the study of either model reactions, or 
of photosensitized living systems. If a spectral 
continuum is used the absorption spectrum of the 
dye becomes of great importance, and any change 
in this must modify the rate of the photochemical 
process. The concentration of the dyes, and hence 
their absorption, is, of course, constantly clianging 
due to reaction (IV) ; and, moreover, shifts in the 
absorption sj)ectrum may occur in the process of 
bleaching of some dyes, e.g., fluorescein (Wood, 
28). Furthermore, many of the dyes are indica- 
tors, and changes in hydrogen ion ct)ncentration 
accompany the bleaching process in at least cer- 
tain cases. Such difficulties could be eliminated, 
in part, by the use of monochromatic radiation, 
but unfortunately these reactions occur very 
slowly except at high intensities, which it is diffi- 
cult to supply with monochromatic sources. Thus, 
few or none of the existing ^studies have been 
made with monochromatic light. 

More important than the above factors, how- 
ever, is the fact that there is a falling off in the 
rate of oxidation when the dye concentration is 
increased above a certain optimum. This may 
depend on two factors; (a) most of the radiation 
may be absorbed in the first layers of solution 
where the O 2 concentration may be so low that 
all the activated molecules cannot have the op- 
pprtunity to react chemically l)efore they arc 
deactivated by fluorescence or, (b) deactivation 
of activated molecules may occur by collision 
with other dye molecules. Gaffron (14) and 
Bowen and Steadman (11) find that such deacti- 
vation does not occur in the case of oxidation of 
Rubrene in acetone where the quantum yield ap- 
proaches unity as the concentration of Rubrene 
increases. The reactions are probably not com- 
parable; Rubrene forms a peroxide by direct 
combination with O 2 , which apparently does not 
occur in the case of the photodynamic dyes. In 
the case of the photodynamic dyes in aqueous 
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solution, the quantum yield must fall off a$ the 
concentration increases beyond a certain value* 

The matter is further complicated by the fact 
that the rate of the photo-oxidation also enjoys 
an optimum at a given Oa concentration. Thus, 
as shown by Weigert ( 25 ) and by Blum and 
Spealman ( 8 ), the rate of oxidation is decreased 
at low O2 partial pressures, and again at high O2 
partial pressures. This effect may be explained 
by assuming that O2 affects the rate of two dif- 
ferent processes: (a) the O2 molecules inhibit 
the primary photochemical process, probably by 
deactivating activated sensitizer molecules with- 
out resultant chemical reaction — ^at high concen- 
trations of O2 this effect would predominate; (b) 
O2 being a component of some secondar}' reaction 
following the activation of the sensitizer mole- 
cule, the rale of this reaction increases with in- 
crease of O2 concentration — at low concentrations 
of (>2 this effect should predominate. Such a 
scheme would not be easily reconciled with any 
hypothesis of transference of activation from S' 
to O2 or direct combination of these substances. 

The optimum O2 concentration probably varies 
with the concentration of dye molecules and thus 
there should be an optimum O2 concentiation for 
each dye concentration, conditions tieiiig still fur- 
ther affected by the kind and concentration of the 
oxidizable substrate and other molecules. Thus 
in living systems the rate of photo-oxidation of 
a given component of tlie system should be a 
rather complex function. 

Although we cannot hope to follow the course 
of the photochemical reactions in photosensitized 
living systems, we ma\ make certain generaliza- 
tions from the facts represented in our scheme. 
Presumably oxidation of cellular components may 
occur analogous to reaction (III) which may re- 
sult in damage to the cell. This must certainly 
be one of the factors operative in producing 
photodynamic phenomena. Up to the present, no 
really quantitative studies of the rate of oxidation 
in living systems have been made, with the ex- 
ception of those made recently by Wohlgemuth 
and Szorenyi ( 26 , 27 ). The results of these in- 
vestigations indicate tliat it may be possible to 
measure the O2 uptake in such systems and to 
separate that part due to tissue respiration from 
that due to photo-oxidation. The latter appears 
from their experiments to have a very low tem- 
perature coefficient, as is to be expected from its 
photochemical nature, to be accelerated by HCN 
whereas normal tissue respiration is inhibited, 
and to have a ratio of CO2 production to O2 
consumption far below those for the materials 
oxidized in normal metabolism. This latter fact 
gives no help in determining what cell compo- 
nents are oxidized in the photodynamic process, 
but suggests that the oxidations which occur are 
iitcomplete. 

Before discussing further the nature of the 


photo-oxidations which occur in living systems 
we may consider another important factor in 
photodynamic processes which has had very little 
recognition. This is the activity of the photo- 
dynamic sensitizers as a whole, in producing de- 
structive changes in living systems even in the 
absence of light. These changes ane very similar 
to the clianges produced by the sensitizer and 
light, except that they only occur with relatively 
high concentrations of the dye. Jodlbauer and 
Haffner (IS) called attention to the fact that 
those dyes which are most active in producing 
hemolysis when not irradiated are likewise most 
active wlien irradiated. That is, if we compare 
two dyes, the one which produces hemolysis when 
in least concentration in the absence of light, will 
also produce hemolysis in least concentration 
when irradiated. Considering the complexity of 
the factors affecting the rate of oxidative pro- 
cesses brought about by these dyes, as we liave 
described them above, this relationship is striking. 
Indeed, there seems no proper basis for making 
a comparison, and yet the relationship seems to 
hold in a general way at least. 

One might suspect from this that the dark re- 
action (Dunkelwirkung), as it has been called, 
represents an oxidation which is simply acceler- 
ated by the activation of dye molecules by light. 
However, Blum and McBride ( 5 ) were able to 
show in the case of eosine, that the daik reaction 
proceeds in the absence of O2 which is necessary 
for the photoreaction. Furthermore, Wohlgemuth 
and Szorenyi ( 27 ) found that rose bengal has 
no effect uix)n the O2 consumption of red blood 
corpuscles in the dark, whereas in light it is 
greatly increased. Hematoporphyrin does in- 
crease the O2 consumption of intact red blood 
cells in the dark, but not of hemolyzed cells, in- 
dicating the relationship of this O2 consumption 
to normal cell respiration; whereas the increase 
of O2 consumption in the presence of light is the 
same whether the cells are hemolyzed or not. 
This evidence would appear to demonstrate that 
the dark reaction and photoreaction are quite 
separate processes. 

To investigate the correlation between dark re- 
action and photoreaction we have studied a model 
system consisting of red blood cells, fluorescein 
dyes and H2O2, following our earlier investiga- 
tions (Blum, 4 ). We have determined the con- 
centration of dye and H2O2 in mixtures which 
will just produce hemolysis after six hours in the 
absence of light; fig. 1 presents our results. We 
note first that without H2O2 fluorescein exhibits 
no dark reaction in concentrations up to 1 X 
10 ~® M, which is about the upper limit of its 
solubility. However, eosine produces hemolysis 
at 5 X Id"'*, erythrosine at 5 X 10 ^» and rose 
bengal at 5 X 10 "®. With increasing H2O2 con- 
centration the miniiuum concentration of dye 
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Fig. 1. Dark reactioo — represents concentrations 
of fluorescein dyes wliich produce minimum hemo- 
lysis in the absence of light; fluorescein does not 
produce hemolysis in any concentration. Dye-Hj^Oj^ 
mixtures — ^points are average values; the horizontal 
lines indicate the spread of individual determina- 
tions. 0.5 H.JO^ produces hemolysis without the ad- 
dition of dye. Photo reaction — ^minimum dye con- 
centrations producing hemolysis after one hour ir- 
radiation with sunlight, average values. All mix- 
tures made up in sodium phosphate mixtures 
pH 7.6 — 7.7, ionic concentration 0.3 M. 

which produces hemolysis is reduced until at a 
H 2 O 2 concentration of 2.S X 10“^ M hemolysis 
occurs with no dye. The logarithms of the con- 
centration were plotted in fig. 1 in order to con- 
dense the data. Allowing for a considerable ex- 
perimental variation, it may be seen that the 
curves relating dye and H 2 O 2 concentrations are 
approximately straight lines on this logarithmic 
scale and the relationship may be roughly ex- 
pressed : 

(V) [S]* X [W2r = K 

The accuracy of our data would not permit an 
attempt to explain this relationship but it would 
appear to indicate more than a simple summation 
of the dark reaction of the dye with the oxida- 
tive action of the H 2 O 2 . 

In fig. 1 averi^e values are given for the mini- 
mum concentrations of dye at which hemolysis 


occurs following exposure of cells and dye lo 
bright sunlight for one hour. It will be seen that 
the same relationship holds as for the dark ne* 
action — a demonstration of the correlation point- 
ed out by Jodlljauer and Haffner (15). How-^ 
ever, if we may draw an analogy l)etwieen our 
model and photodynamic hemolysis, we must as- 
sume that cell destruction should be measured by 
the product of the dark reaction and the quantity 
of photo-oxidation which occurs during the per- 
iod of irradiation. The latter should, of course, 
be dependent upon the rate of photo-oxidation 
which again should be some direct function of 
the dye concentration, but, as pointed out above, 
must vary widely with the experimental condi- 
tions. We can only point out that the dark re- 
action of the d>e must be considered as a very 
important factor in the photodynamic process, 
Wohlgemuth and Szorenyi (27) have shown that 
the rate of O 2 uptake of red blood cells sensi- 
tized with hematopori)hyrin is several times as 
great as for red blood cells sensitized with rose 
bengal, whereas the latter is in general more ac- 
tive in producing hemolysis and other destructive 
effects. If, as assumed above, the amount of 
destruction is represented by the product of the 
amount of dark reaction and the amount of 
photo-oxidation, both of which are direct func- 
tions of the dye concentration, it is not surprising 
that we find rather definite lower limits for the 
concentration of dye producing pliotodynamic 
hemolysis (see fig. 1), even though light condi- 
tions are somewhat variable, for under these cir- 
cumstances the magnitude of the destructive ac- 
tion should increase exponentially with the con- 
centration of the dye. 

Before leaving the subject of the dark reaction 
it must he mentioned that fixation of cells may 
be produced by the photodynamic dyes and that 
this effect, like hemolysis, is enhanced by either 
H 2 O 2 or exposure to light. Both fixation and 
hemolysis are markedly affected by hydrogen ion 
concentration (Blum, 4), by hypertonic salt solu- 
tion (Bier and Rocha e Silva, 2) and probably 
by a number of other factors. This would indi- 
cate again the importance of the dark reaction in 
the total photodynamic process as the photo-oxi- 
dation would not be expected to show such 
marked changes with these factors. 

Whether a real correlation between our H202 
model system and photodynamic action exists mav 
be worth consideration. Blum and Spealman (8) 
have demonstrated that H 2 O 2 is formed wbtn 
the fluorescein dyes are irradiated alone in aque- 
ous solution, but we may question whether H 2 O 2 
is always an intermediate in the oxidation of cdl 
substances. Certainly, the concentrations of 
H 2 O 2 employed in the model could hardly be 
reached in the photodynamic process, as will be 
seen by reference to fig. 1. Wohlgemuth and 
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Szdtienyi (27) found that 2 cc. of hemolyzed red 
blood cells sensitized with 6 X rose 
absorbed only 6 cmm. of O 2 in 30 minutes when 
illuminated with a 75 watt lamp. This would 
represent the formation of about 4 X 10^ M 
H 2 O 2 , a concentration which cannot compare 
with the concentrations used in the model, 
but may be a low estimate for the total H 2 O 2 
formed because any H 2 O 2 formed and destroyed 
by the action of catalase would not be included 
(see below). However, in the model a great 
deal of H 2 O 2 is destroyed by the action of catal- 
ase in the blood cells, and if we could assume 
that the H 2 O 2 acts immediately in the local re- 
gion where it is produced by photochemical action 
before catalase has an opportunity to destroy it, 
we might explain the discrepancy. 

The effect of HCN on photodynamic action 
and on the H 2 O 2 model is of interest with regard 
to this question. Bier and Silva e Rocha (1) 
liave recently published results showing that pho- 
todynamic hemolysis is augmented by the pres- 
ence of 3 X 10^ and 3 X 10"^ M KCN. Al- 
though the results have l>een somewhat variable, 
we have found in our laboratory that 5 X 10^ 
M NaCN augments both photodynamic hemoly- 
sis and hemolysis by eosine and H20a, but 5 X 
10“^ M NaCN inhibits the same effects; at in- 
termediate concentrations NaCN seems to have 
no marked effect on either process. These dif- 
ferences in the effect of HCN at different con- 
centrations may explain the apparently conflict- 
ing findings that have been previously recorded 
(Loeb, 16; ('ooke and Loeb, 12; Moore, 21 ; and 
Blum and McBride, 5). We will not attempt to 
explain the inhibitory effect of high concentra- 
tions of HCN at this time, but will be concerned 
only with the augmenting effect of low concen- 
trations, which IS quite striking and seems to have 
a direct bearing on the question with which we 
are concerned. Since HCN inhibits catalase 
which catalyzes the destruction of H 2 O 2 , we have 
a simple explanation of its augmenting action in 
the case of the H 2 O 2 model, for the presence of 
HCN must be equivalent to an increase in the 
concentration of H 2 O 2 . If we assume H 2 O 2 as 
an intermediate in the photodynamic process we 
may attribute the augmenting action of HCN in 
this case to the same factor. 

The finding of Wohlgemuth and Szorenyi (26, 
27) that HCN (KT® M to 10^ M) greatly in- 
creases the uptake of O 2 by photosensitized tis- 
sues is an apparent confirmation of the above 
findings. These investigators used the manomet- 
ric method of Warburg in measuring O 2 uptake. 
If H 2 O 2 is formed as a result of the photopro- 
cess, a part of it must be constantly broken down 
by the action of catalase in the tissues resulting 
in release of O 2 . If the action of catalase is in- 
hibited by HCN this process would be diminished 
and the apparent uptake of O 2 , as measured 


manometricaily, would be increased. Wohlgemuth 
and Szorenyi's findings would be most easily ex- 
plained on this basis, and indeed it seems diffi- 
cult to find another explanation. 

That HCN does not directly affect photosensi- 
tized oxidations is shown by the experiments of 
Meyer (18, 19) who found that oxidation of 
pyruvic acid and of various unsaturated organic 
compounds, by light and chlorophyll or eosine, 
was not affected by HCN, The photo-oxidation 
of ergosterol by these sensitizers was inhibited 
(Meyer, 20) by HCN, but in this case an oxida- 
tion occurs in the absence of light which is ap- 
parently catalyzed by impurities, and it is prob- 
able that the inhibitory action of HCN is exerted 
at this f^mt. At all events, it appears that the 
augmenting action of HCN occurs only in living 
systems, and we must attribute it to the inhibition 
of some enzyme in these systems, of which cata- 
lase would seem to offer the only possibility. 
Catalase is, of course, a very specific catalyst for 
the destruction of H 2 O 2 , and does not catalyze 
the breakdown of other peroxides or peroxy-acids 
(see Stern, 23). 

Another important factor to consider is the 
action of the products of photo-oxidation of the 
sensitizing dyes (equation IV). Fluorescein dyes 
irradiated in appropriate aqueous solutions and 
subsequently introduced into biological systems 
may produce effects quite comparable to those re- 
sulting from irradiation of the dye and biological 
s}stem together, e.g., cytolysis of sea urchins' 
eggs (Moore, 21), hemol>sis of red blood cells 
(Blum, 3; Blum and Spealman, 9; Menke, 17), 
and production of stasis in frog's mesentery 
(Teather and Schechtnian, 24). The expenments 
of Blum and Spealman (9) indicate that such 
effects are not due to the production of oxidizing 
substances in these solutions, e.g., H 2 O 2 . 

Menke (17) has recently suggested that such 
destructive effects are due, in the case of fluores- 
cein, to the production of photocompounds of un- 
known chemical constitution, which are produced 
when these dyes are irradiated. The existence of 
these photocompounds is based upon a certain 
shifting of the absorption spectrum of this dye 
accompanied by a damping of fluorescence when 
the dyes are irradiated in the presence of O 2 , 
which was originally described by Wood (28). 
The status of such compounds may be open to 
question; the apparent shift in the absorption 
spectrum is due, principally, to the damping of 
fluorescence. The shift in the absorption spec- 
trum is most evident in those dyes showing the 
greatest fluorescence. Thus fluorescein shows a 
considerable shift, whereas this is apparently ab- 
sent in the case of rose bengal. FNirthermore, 
the photocomfx)unds of other photodynamic dyes 
have not been demonstrated. For these reasons I 
shall speak collectively of the oxidation products 
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of the dyes, including the photocompounds, as 
possible components of this group. 

As we have said above, photodynamic effects 
occur only in the presence of Oa, and, further- 
more, they are prevented by the presence of read- 
ily oxidizable substances, both of which facts in- 
dicate the oxidative nature of the changes in- 
volved. We see, however, that both the produc- 
tion of bleach products of the sensitizing dyes, 
and direct oxidation of cell constituents are af- 
fected by these conditions. 

It is difficult to evaluate the importance of 
tliese bleach products. We have performed a 
number of experiments in which the dyes were 
bleached in sunlight, the concentrations of dye 
determined spectrophotonietrically and the con- 
centration of bleach products estimated by sub- 
tracting the concentration of dye left, after irra- 
diation, from its original concentrations. So far 
as they go, these experiments do not indicate a 
very great toxicity for the bleach products, nor 
do they indicate that they are much more toxic 
for one fluorescein dye than another. However, 
we have no idea of the nature of these bleach 
products, and the toxicity of the irradiated solu- 
tion may de|>end u|x>n the degree of oxidation 
which has taken place. Moreover, by assuming 
that they are more destructive when formed in 
situ, we might account for this discrepancy. 

The hypothesis that these oxidation products 
are the destructive factor in photodynamic action 
fits the experimental evidence discussed above. 
They are formed only in the presence of O 2 . 
Their formation should be inhibited by catalase if 
H 2 C)a is an intermediate in this type of photosen- 
sitized oxidation, and hence IICN should aug- 
ment their formation and thus photodynamic ac- 
tion. Moreover, we might account for the rela- 
tionship between HoOa and dye concentrations 
represented in equation (V) by assuming that 
the H 0 O 2 oxidizes the dye stoichiometrically and 
that minimum hemol\sis represents the formation 
of a given quantity of oxidation products. 
Against this is the fact that these dyes arc not 
bleached by H 0 O 2 at the pH at which the experi- 
ments were conducted (pH 6.7). The possibility 
remains that some cell constituent may catalyze 
the oxidation of the dye (Blum and Spealman 

(8) found that this reaction is activated by light). 

At the present time it seems advisable to admit 
lx)th oxidation of cell constituents and the pro- 
duction of toxic bleach products of the sensitizer 
as factors in the total photodynamic eflPect, the 
evaluation of the relative importance of the two 
being imi>ossihle at the present moment. It is 
quite possible that one of the.se factors may domi- 
nate in some examples of photodynamic action 
and the second in others. In all cases, the dark 
reaction would appear to be an important factor 
which must be taken into account. 


From a quantitative standpoint the study of 
photodynamic action would not appear to be far 
advanced. A knowledge of the various factors 
involved would seem, however, to give us a 
foundation upon which to build quantitative ex* 
periments. 
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Discussion 

Dr. Portdrr : Since iilum came down here this 
summer, he and I have obtained a number of re- 
sults I)caring on these photodynamic reactions, 
and as he has not mentioned them in his paper, I 
think it will lie well if I bring them up in the dis- 
cussion. 

The first point concerns the ‘‘dark reaction” be- 
tween the photodynamic dye and the red cell 
membrane. We apparently have a state of affairs 
in which the dye can act as a lysin per se when 
in sufficient concentration, and in which it can act 
as a lysin in much smaller concentration when the 
system is exposed to light ; putting this in conven- 
tional terms, we can say that the dye is a haemo- 
lysin which is accelerated by photo-oxidation. In 
a sense, therefore, the light reaction is only a 
special case of the “dark reaction,” and so it is 
advisable to begin by studying the kinetics of the 
latter rather than those of the former. 

Selecting rose bengal because of its great hemo- 
lytic activity, and using washed rabbit red cells in 
isotonic Na(ri buffered with M/15 phosphate to 
pH = 7.0, we find that the kinetics of the haemo- 
lytiq process are identical with those of lysis by 
simple lysins such as saponin. The time dilution 
curves are of the usual form and are descrilied by 
the usual equations with a value n of about 2,0. 
The lysis is inhibited by scrum and. presumably, 
by liberated cell contents, for the percentage 


haemolysis curves show the same sort of skew** 
ness as in the case of saponin. The velocity of 
lysis increases with increasing temperature, and 
we have been able to establish that the ft-value is 
about 30, OCX), just as in the case of saponin lysis ; 
if it were not for the color of the dye, in fact, 
one might think tliat one was working with sapo- 
nin itself. Our study of the kinetics, of course, 
has been far from exhaustive, but I doubt if any- 
thing essentially new would emerge from a more 
extensive investigation of the “dark reaction,” al- 
though it might be interesting to explore further 
into the kinetics of the “light reaction” in view 
of the relations between d>e concentration and 
H 2 O 2 concentration which Blum has described. 

The second point is more fundamental. Know- 
ing that rose bengal is a simple lysin, and know- 
ing that all simple lysins convert the discoidal red 
cells into spheres just before haemolysis takes 
place, we examined the cells in rose bengal sys- 
tems in the expectation that the shape of each cell 
would suddenly change just before it haemolysed. 
The observTitions were made in washed rabbit red 
cells in NaCl-buflFer and in an uncovered drop, 
for a reason which 1 shall explain directly. We 
were astonished to find that in such preparations 
all the cells were perfect spheres, and that this 
spherical form was obtained in dilutions of rose 
bengal as great as M/10®. Diffraction measure- 
ments showed the cell volume to be unchanged, 
and so here we have a substance which changes 
discoidal red cells over to spheres without a 
change in volume. Here I should like to empha- 
size that M/10® rose bengal is far too dilute to 
bring about lysis in the diffuse light of the lab- 
oratory, although it is a concentration in which 
lysis occurs in systems irradiated with sunlight. 

Such disc-sphere transformations without 
cliange in volume are not unknown, 1) They 
are characteristics of every lysin, and occur just 
before lysis takes place; the transformation ob- 
served with rose bengal, however, occurs in dye 
concentrations far too small to produce haemo- 
hsis. 2) The disc-sphere transformation occurs 
when small quantities of lecithin are added to the 
medium bathing the cells; this transformation, 
however, is unique in that it occurs even if the 
medium is serum or plasma. 3) The most re- 
markable disc-sphere transformation takes place 
if a small drop of red cell suspension is placed 
between a slide and closely applied coverglass. It 
is for this reason that the cells in rose bengal 
systems have to be examined in an uncovered 
drop. If the drop were covered, the cells would 
be spherical even in the absence of rose bengal. 
Although the phenomenon has been studied for 
years, virtually nothing is known as to what 
brings it about. It is unlike the rose bengal 
transformation in that the latter occurs in an un- 
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covered or hanging drop, but the two phenomena 
are similar in that both occur in saline only, and 
that in the case of both the spheres promptly 
turn back into discs when serum or plasma is 
added. 

If spheres are produced from discs by adding 
the cells to M/10® rose bengal, the spheres are 
again transformed into discs by the addition of 
serum in such quantity as to produce a serum 
dilution of about 1 in 500 in the system. The 
discs arc certainly somewhat irregular in shape, 
but the transformation is nothing short of start- 
ling. It is also possible to reconvert the spheres 
into discs by simply diluting the system with sa- 
line, i.e., it seems that the spherical form is de- 
pendent on there being sufficient dye available, 
and that this amount can be reduced either by 
dilution or by the addition of serum (which com- 
bines with the dye), with the result that typical 
discs appear. 

This reversible disc-sphere transformation oc- 
curs with fluorescein (M/10^), eosin, (M/10®), 
and erythrosine (M/10^) as well as with rose 
bengal, or also with haematoporphyrin (M/10®), 
but not with methylene blue. The fact that the 
diflferent dyes of the fluorescein series produce 
the same effect in different molar concentrations 
shows that a specific effect is exerted by the dye 
molecules. It is interesting, nevertheless, to take 
the most active of the dyes of the series (rose 
bengal), and calculate the relations l)etween the 
number of dye molecules present and the extent 
of the cell surface. If we suppose that the rose 
bengal molecule is of the same order of magni- 
tude as the sodium oleate molecule, we find that 
the spherical form is produced in concentrations 
of dye in which there are barely enough molecules 
to cover the red cell surfaces ; indeed, we have to 
make rather extravagant assumptions to get any- 
thing of the order of a monolayer. 

These observations throw, I think, considerable 
light on the haemolytic action of the photody- 
namic dyes of the fluorescein series, for they pro- 
vide us for the first time with evidence that the 
sensitization of the red cell is accompanied by a 
gross change in the nature of the surface. I 
think that most of us have thought of the sensiti- 
zation as a phenomenon of rather a vague kind ; 
as a matter of fact, it is accompanied by a visible 
t:hange which probably corresponds to a complete 
alteration in the molecular configuration of the 
surface. This change, I ought to again empha- 
size, takes place in the dark and in this respect 
the new ob.servations are completely in agreement 
with Blum's idea that the “dark reaction” is the 
fundamental one. 

I need scarcely point out that this shape trans- 
formation is of the greatest significance in. con- 
nection with the structure of the red cell mem- 


brane, for, taken together with what is 
known about shape transformations^ the obsafva^i- 
tions lead to three conclusions. 1) Since the ^ 
versible disc-sphere transformation involv<is k 
change in surface area of about L± 25 p.c, the 
surface membrane must be a liquid film. 2) The 
change of shape must be due to effects whidi 
operate at the surface of the cell, and not in its 
interior, for the changes occur when there 
barely sufficient molecules of dye to cover die 
surface. In this connection it may be remem- 
bered that lecithin and the photodynamic dyes 
which produce the disc-sphere transformation 
have molecular weights of such a magnitude that 
their penetration into the cell is unlikely, and, 
further, that the re-conversion of sphere into 
disc is brought about by serum proteins, the en- 
try of which into the cell is a remote contingency. 
3) After the change of shape, the permeability 
properties of the red cell membrane are scarcely 
altered, and the volume remains the same. Put- 
ting it another way, the area of the membrane, 
with a consequent rearrangement of its molecules, 
can change by as much as ±: 25 p.c. without its 
permeability properties undergoing any great 
change, which is, however one looks at it, a re- 
markable conclusion. 

Finally, and in the same connection, it should 
be pointed out that the electrical properties of the 
red cell membrane, in so far as they have been 
studied, seem to be independent of the change of 
form, for the capacitive component of the impe- 
dance of the surface, per unit area, and also its 
frequency dependence, is substantially unaltered 
when the discs are transformed into spheres by 
the addition of lecithin. If we admit, as is gen- 
erally done, that the thickness of the membrane 
can be calculated from the capacity data, this 
means that the thickness of the surface layer is 
unaltered when the discs are transformed into 
spheres, although the reduction of area is about 
25 p.c. It will be interesting to have similar ob- 
servations on the capacity per unit area when rose 
bengal is used to effect the transformation from 
disc to sphere, and when serum is added subse- 
quently to turn the spheres back again into discs* 
These observations will no doubt be amplified by 
determinations of electrophoretic velocity, for the 
evidence at the moment is that the transformation 
is not accompanied by any detectable change in 
{-potential. 

Dr. M^yer: In Ponder's experiments the ef- 
fects of serum on the sensitized red cells is prob- 
ably explained by the adsorption of the dye by this 
protein molecules. The physiologically aetiv^ 
molecule may be the leuco-dye, both in irradiation 
and in the dark. This assumes that the same re- 
action, dehydrogenation of a substrate and rt&txsy 
tion of the dye, takes place in the dark at a sl&W 
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ta^te* The effect may be caused by the greater 
penneability of the leuco-dye into the cell mem- 
brane because it is a stronger acid. One should 
study the effect of leuco-eosine on cells. 

Dr. Blum: The leuco-dyes of the fluorescein 
series are not formed in appreciable concentra- 
tions during photo-oxidation in the presence of 
O 3 . They are formed when the dyes are irradi- 
ated together with suitable substrates in the ab- 
sence of O 2 . The photodynamic effects, on the 
other hand, occur only in the presence (ff O 2 so 
that the leuco-dyes could not be producing these 
effects. During irradiations of a photodynamic 
system in the absence of O 2 , leuco-dye should be 
formed, and thu.s if Meyers suggestion is cor- 
rect, we would expect to find greater destructive 
effects, e.g. hemolysis, than in the same system in 
the dark. This is not the case, as has been de- 
monstrated by numerous investigators. Hence 
the dark reaction cannot be reasonabl> accounted 
for as due to the leuco-dye. 

Prof. Wohlgemuth: The work of Blum has 
interested me, particularly the explanation he 
gives for my discovery of the effect of cyanide 
on photo-oxidattion. I must admit that, up to 
now, I have not been able to explain, myself, the 
fact that in niy experiments HCN increases pho- 
to-oxidation in so conspicuous a way. The ex- 
planation which Blum gives is that in animal 
tissues catalase always tends to destroy H 2 O 2 as 
it is formed by photo-oxidation. Thus the amount 
of oxygen consumed seems to be smaller than it 
is in reality. However, in the presence of c}an- 
ides, the catalase is excluded. All that seems to 
me to be a perfectly likely explanation for the 
HCN effect. Perhaps one would be able to de- 
monstrate this fact in a model experiment without 
using animal tissue, by using methylglyoxal, 
pyruvic acid, or another organic substance in 
the presence of a photosensitizer in the usual 
way; and in parallel experiments add catalase. 
Catalase is comparatively easy to prepare in pure 
form, according to the description of Zeiie and 
Hellstrbm (Z, physiol, Chem., 192, 171, 1930; 
195, 39, 1931). Then, of course, at the correct 
pH concentration, the amount of consumed oxy- 
gen will be smaller than in the control. By add- 
ing HCN to the catalase experiment, the differ- 
ence should again disappear. In this way the 
beautiful explanation by Blum would be definitely 
proven. 

Dr, Meyer: In my experiments on the oxida- 
tion of pyruvic acid with haemin and cosine (sup- 
plementing the published results mentioned 
above), the photosensitized oxidation seems to be 
increased in the presence of HCN, especially if 
one adds the amount of O 2 consumption in the 
dark, which is suppressed by cyanide. The in- 
crease in oxidation was still more marked with 


phenol. Both HCN and phenol are not oxidized 
by themselves in the systems investigated. I con- 
sidered the increase in oxidation in the presence 
of HCN as a case of an induced reaction. 

Dr, Blum : Was the oxygen uptake greatly in- 
creased? Wohlgemuth and Szbrenzi found an 
effect of considerable magnitude. 

Dr, Meyer: The increase is not great. 

Dr, Singer: Blum's paper and the discussion 
by Ponder bring up the subject of the morpho- 
logical changes that the photodynamic action 
causes in cells. For a number of years I have 
been interested in the morphological expression in 
the living tissue caused by the photodynamic ac- 
tion of substances having strong fluorescence in 
the visible spectrum after illuminating them with 
ultraviolet radiation. 

In order to make these studies on living organs 
it was necessary to use a microscope whose con- 
struction differs greatly from the usual one in 
that use is made of reflected dark and light field 
illumination instead of transmitted light. The 
light field illumination is obtained by having a 
prism situated above the objective. The filtered 
radiation from a metal arc lamp is projected into 
the prism and is reflected through the objective 
to the object. Dark field illumination is obtained 
by directing the radiation outside the objective 
with the aid of two mirrors. Of these one is a 
plane mirror situated above the objective. Into 
this mirror the rays of the metal arc are projected 
and from these are reflected to a ring mirror 
which is placed around the front lens of the ob- 
jective and from this mirror the light strikes the 
organ obliquely, 

A water perfusion cap and a focusing device 
are connected with the objective. Saline immer- 
sion is necebsary in order to avoid desiccation of 
the tissue, to reduce uneven reflection from the 
tissue, and to help increase the numerical aperture 
of the lens. A focusing device is essential to keep 
the object at a proper distance from the lens as 
otherwise capillary action would prevent focusing 
with high magnification. 

The use of such a microscope permits the ob- 
servation of cells in an undamaged condition. 
Upon the injection of fluore.scent substances the 
normal appearance of the cells before exposing 
them to a long period of irradiation becomes that 
of brilliant transparency. It is possible to see cell 
boundaries and contents distinctly. After expos- 
ing the cells to irradiation for five or six hours, 
they gradually loose their brillance and the cell 
structure becomes indistinguishable. 

The length of time required for these changes 
to take place varies according to the substances 
injected. Fluorescent substances which have a 
strong {rfiotodynamic action show this effect carli- 
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er and to a greater extent than does aescuHne 
which has little noticeable effect on the living 
cells. Different organs show these changes in 
varying degrees as I liave described in my papers 
of 1933 and 1934. For example, the liver seems 
to l>e more sensitive than the kidney. The supra- 
renal gland showed not only a change in the dens- 
ity of the surface, but the surface became first 
uneven and puffed out like popcorn. 

Undoubtedly these changes occur on the sur- 
face of the cells, as slides made from organs 
which showed these alterations in the living cell, 
showed no changes in the nuclei. 

This seems to be in accordance with Blum’s 
and Ponder’s observations on the red blood cor- 
puscles and thus I think we can state that cells in 
the living organism injected with photosensitiz- 
ing substances and irradiated with ultraviolet 
light show increasing density on the surface. 

Dr. Blum: Singer’s experiments should em- 
phasize the necessity of taking photodynamic ef- 
fects into consideration when using such dyes in 
the study of living tissues. 

Dr. Abramson: Bassen and I have been 
studying the effects of crude lecithin on hu- 
man red blood cells in the anemias. We have 
observed that the same transformation to the 
spherical form that has been obtained for normal 
cells may be obtained with the cells showing ani- 
socytosis and poikilocytosis. This offers a new 
method of obtaining information in regard to the 
actual changes in size in the anemias. Now Blum 
and Ponder offer a new technique which portends 
to be of even greater clinical application, for it 
will be now possible to study not only the size 
distribution of red cells in the anemias, but also 
to work with more clearly defined chemical sys- 
tems. 

Dr. Smetana: I have been interested in the 
problem of photodynamic action for some time 
and although my studies are not yet completed, I 
shall present some results here which are of inter- 
est with reference to Blum’s presentation. 

I am especially interested in finding out what 
goes on in the body of an animal after its sensi- 
tization and exposure to light. Since the methods 
applicable to living animals are too unreliable to 
touch the bottom of the problem, we had to resort 
to studying the photodynamic action of physiolog- 
ical substances in vitro. It is an established fact 
that photodynamic action is an oxidation process 
and therefore we chose the O 2 consumption as a 
measure to study the effect of light on sensitized 
physiological substances. 

Experimental Conditions 

All experiments were carried out with Fenn's 


respirometer in a water bath at constant temp^ti- 
ture. 

Light source : A 500 watt lamp, the intensity of 
which could be controlled. 

Sensitizer: Hematoporphyrin (Hp), Nencki, in 
a weak alkaline solution of pH 7.5. 

Substrates: Blood constituents, lymph, urine, 
and uric acid. 

Temperature: 37.5° C. unless otherwise stated. 

Study of the Factors Influencing the Ot Cnn- 
sumption of Sensitized Substrates During Bx^ 
posure to Light 

1. Influence of light: Analyses of the O 2 
consumption of different sensitized media exposed 
to light of different intensities showed a linear re- 
lationship between intensity of light and O 3 con- 
sumption when all other factors were kept con- 
stant. 

2. Influence of dilutions of Hp : The curves 
obtained by plotting the cmm. of O 3 consumed by 
different substrates during 10 minutes of ex- 
posure to light against dilutions of Hp ranging 
from 10 "® to 10 "^ showed a steep incline of the 
O 2 uptake between the concentration of Hp 10"® 
to about 10 ^® and a more gradual slope from 
there to a concentration of lO"®. Higher concen- 
trations were not studied. In plotting the logar- 
ithms of these figures straight lines were obtained 
in all cases. 

3. Dilutions of substrates: The curves ob- 
tained by plotting the O 2 consumption per cc. of 
various substrates against their dilutions ranging 
from 1/1 to 1 / 100 , while all other factors were 
kept coOwStant, were similar to those showing the 
effect of dilutions of Hp. Likewise, the plotting 
of the logarithms of the figures obtained resulted 
in straight lines. 

4. Influence of temperature: The variation 
of the temperature of the water bath from 0 ° C. 
to 50° C., while all other factors were kept con- 
stant, had little influence on the O 2 consumption 
of the media studied : the O 2 uptake was smaller 
at a lower temperature, gradually rising to a max- 
imum of about 25% at 40° C., and then slightly 
slowing down towards 50° C. 

5. Influence of pH : Studies made with iden- 
tical substrates of different pH values ranging 
from 7.5 to 9 showed an increase to a maximum 
of about 20% towards the greater pH. 

6 . Influence of length of time of exposure to 
light : The slowing down of the O 2 consumption 
of various sensitized media after prolonged ex- 
posure to light was found to be due to the oxida- 
tion of the substrate. Although the Hp itself 
undergoes a definite change during the exposure 
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to light, this change was found not to be respons- 
ible for the slowing down of the reaction. 

Siudy of the 0$ Consumption of Constituents of 
Blood, Lymph, and Urine 

Analyses of the data obtained by the exposure 
of the various constituents of blood (plasma, 
serum, albumin, globulin, fibrinogen, washed 
erythrocytes, ultrafiltrate of plasma, glucose, 
serum fats, as well as whole blood) to light m the 
presence of Hp showed that the plasma proteins 


alone account for almost all the Oa consumed 
during the experiment. Likewise, the protein 
content of lymph accounts for the Oa consump- 
tion of this substrate during its exposure to light 
m the presence of Hp, 

Similar experiments carried out with urine re- 
vealed that unc acid present in this medium is 
almost solely responsible for Oa uptake during 
the experiment. 

The experiments which at present are limited 
to body fluids only will he extended to cells of 
various organs along similar lines. 
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In the development of knowledge of vitamin 
D there liave been five particular discoveries 
which stood out from the painstaking investiga- 
tions upon which they were based. First came 
the identification of vitamin D as a substance 
distinct from vitamin A by McCollum, Simmonds, 
Becker, and Shipley in 1922. Second was the 
discovery of activation — the observation that 
ultraviolet radiation endows foodstuffs with the 
antiricketic property exhibited by fish oils. This 
was the work of Hess and of Steenbock, and 
their associates, in 1924. Third was the finding 
that the acceptor of the ultraviolet rays in activa- 
tion is the sterol fraction of the edible materials. 
This was the work of Hess (1925) and Steen- 
bock (1925) in this country, and Rosenheim and 
Webster (1925) in England. Fourth was the 
identification of “ergosterol” as the parent sub- 
stance of vitamin D. Many workers participated 
in this, but perhaps the names of Windaus and 
Hess (1927) and Rosenheim and Webster 
(1927) are the most prominent. The fifth major 
development was the isolation of calciferol, the 
active component of irradiated ergosterol, late in 
1931. Details of the procedure of isolation, and 
the properties of the vitamin were published in 
1932 by the English group headed by Bourdillon, 
and the German group of Windaus and Linsert. 

The studies which led to the identification of 
‘'ergosteror* as the parent substance of vitamin 
D have already become a classic of chemistry. 
Even though they involve an extraordinary in- 
stance of mistaken identity, their practical im- 
portance is unimpaired and their history is none 
the less interesting. In briefest outline, these 
studies were as follows. Cholesterol of supposed- 
ly good purity was found to be activated by 
irradiation. Before irradiation, it exhibited 
spectral absorption in the ultraviolet region ; after 
irradiation, it had little or no absorption. In 
consideration of Beer’s law, one postulated that 
either the cholesterol had been at least half meta- 
morphosed, or else the sul>stance in which the 
absorption spectrum was changed was a small 
amount of impurity which was exceedingly ab- 
sorptive. It was found tliat repeated crystalliza- 
tion of cholesterol led to the accumulation of the 
absorbing substance in the least soluble fraction. 
Furthennore, the use of very drastic means of 
purification, such as l)ix)mination followed by de- 
bromination, led to the production of a cholesterol 
which apparently had no absorption and no acti- 
vatability. The drastic means included, in addi- 
tion to bromine, such oxidizing agents as per- 
manganate and decolorizing charcoal, and so it 
appeared that the unknown provitamin might be a 


highly unsaturated sterol, such as ergosteroL 
Ergosterol was found to be destroyed by the saittc 
reagents which destroyed the X-substance in 
cholesterol. In one instance, namely in treatmi^nt 
with permanganate, even the rates of destruction 
of the provitamin and of ergosterol were found to 
be the same. Furthermore, the absorption spec- 
trum of ergosterol was found to consist of four 
bands with maxima at 293.5, 282, 270, and 260 
m/i., which are also the maxima exhibited by 
ordinary cholesterol. In ergosterol, the absorp- 
tion was enormously more intense than in 
cholesterol, and the vitamin D potency after 
irradiation was enormously greater. Upon irradi- 
ation, the absorption bands of ergosterol under- 
went changes, and finally faded as did those of 
the impurity in cholesterol. 

Such an identification of ergosterol as the pro- 
vitamin D of cholesterol seemed excellent indeed, 
yet as Waddell demonstrated a year ago, it was 
erroneous. Not only is ergosterol different from 
the provitamin D of cholesterol, but the vitamin 
D produced by the irradiation of ergosterol is dif- 
ferent from the vitamin D associated with choles- 
terol in fish oils. Until 1930, nearly all investi- 
gators assumed that these two forms of vitamin 
D were identical, and even now the existence of 
more tlian one form of vitamin D is not uni- 
versally admitted. In recent months, the situation 
has become still more complicated by the dis- 
covery that more than one form exists in fish oils. 

I am now going to consider, as nearly in 
chronological order as possible, the development 
of our knowledge of the multiple nature of vita- 
min D. This is an old and favorite interest of 
mine, for in 1927 I wrote, at the end of a paper 
on the distribution and origin of vitamin D, ‘Tt 
is not known whether the antiricketic substance 
of fish oils, of irradiated mammals, of animals 
that have eaten antiricketic foods, and of irradi- 
ated foods and their sterols, is one and the same 
substance. Quite possibly vitamin D is not a 
single substance, but a mixture or series of sub- 
stances as variable as the sterols with which it 
seeins to be almost inseparably associated.*' 

In 1926 I was attempting, in collaboration with 
McDonald, to activate cholesterol by means of 
catalysts. At this time — barely a year after iSie 
activation of cholesterol by irradiation had bem 
announced — almost nothing was known of the 
mechanism of activation, and there was no evi- 
dence of the existence of any provitamin other 
than cholesterol. Everyone was therefore free to 
develop theories, however rash, in explanation of 
the formation of the vitamin. It so happened that 
at this time cholesterol was regarded as a terpetie, 



Nature of VxtAMiN D 


32 $ 


and it was known that ultraviolet irradiation in- 
duces polymerization in certain terpenes. We 
argued that if activation consists in polymeriza- 
tion, then the ^st polymerization catalyst should 
be the best activating agent. We therefore con- 
ducted experiments in treating cholesterol with 
fuller's earth — the catalyst which Gurvich had 
found effective in polymerizing pinene. Under 
proper conditions a pretty reaction occurred, and 
there was formed a substance of high molecular 
weight. A faulty molecular weight determination 
led us to regard this substance as a polymer of 
cholesterol, though we soon learned that it was 
dicholesteryl ether. Dicholesteryl ether had no 
antiricketic action, but a by-product of its forma- 
tion, or, more properly, its degradation product, 
exhibited distinct antiricketic action. 

The crude active substance was not remarkably 
potent, but weight for weight it had about the 
same activity as cod liver oil, and it was only 
slightly less potent than most preparations of 
irradiated cholesterol. Therefore it was intensely 
interesting at the time. 

Before I undertook this experiment, 1 had been 
attempting to learn something of the chemical 
nature of vitamin D by investigating its stability 
toward various reagents. 1 had found that cod 
liver oil, and likewise a solution of irradiated 
cholesterol in oil lost all vitamin D activity when 
treated with butyl nitnte, and I had offered this 
fact as evidence that the two are identical. Now, 
therefore, McDonald and I applied the butyl 
nitrite test to the active product obtained from 
cliolesterol by the action of fuller's earth. There 
resulted no decrease in antiricketic activity. Thus 
we obtained evidence of a very significant fact, 
namely that more than one molecular configura- 
tion in the sterols is capable of exhibiting anti- 
ricketic activity. 

The formation of an antiricketic substance by 
the action of fuller's earth on cholesterol was 
confirmed by Kon, Daniels, and Sleenbock 
(1928), and recently Yoder (1934, 1935) has 
advanced our knowledge of the mechanism of the 
reaction and of the identity of the active sub- 
stance. Apparently the fuller's earth brings 
about a complete dehydration of the cholesterol, 
resulting in the formation of the doubly un- 
saturated hydrocarbon, cholesterilene. This be- 
comes cholesterilene sulphonic acid, by reacting 
with the sulphur of the clay. According to 
Yoder, cholesterilene is inactive, but the vitamin 
D activity of cholesterilene sulphonic acid is meas- 
urable. It is distinctly greater than that of the 
crude fuller's earth reaction product. Neverthe- 
less, it is only a few times greater than that of 
cod liver oil for the rat, though somewhat more 
so for the chicken. However, one must regard 
the vitamin D activity of cholesterilene sulphonic 
acid as purely a matter of theoretical interest. 


At this point, it is well to recall the reason why 
all forms of vitamin D are considered to be 
sterols. I'hey are either produced by activation 
of sterols, or they occur naturally in the sterol 
fraction of fats. Admittedly, there is no proof 
that the vitamin D of fish oils is a sterol, since 
it has never been isolated. But circumstantial 
evidence points to the sterols, and the chemical 
behavior of the fish oil vitamin, so far as it is 
known, is not unlike that of sterols. Let us 
therefore postpone for the moment our considera- 
tion of the vitamin D of fish oils and regard 
cholesterilene sulphonic acid as the simplest and 
also the weakest form of vitamin D, 

There is a second form of vitamin D which is 
likewise a derivative of cholesterol This is the 
substance which is produced by irradiating 
cholesterol that has been specially purified to free 
it from the usual provitamin. 

A year after the discovery of the activatability 
of ordinary cholesterol and a >ear before the 
supposed identification of ergoslerol as the pro- 
vitamin to which this activatability is due, Mc- 
Donald and I were investigating some properties 
of irradiated cholesterol (Bills, 1925). We took 
what we considered special pains to obtain pure 
cholesterol. Our crude cholesterol was repeatedly 
boiled in alcoholic solution with purifying char- 
coal, and the treated product recrystallized after 
each treatment. The cholesterol so prepared was 
readily activated by irradiation. 

We were therefore more than ordinarily in- 
terested by the news that the English and German 
w'orkers in 1926 were finding tliat, among other 
agents, charcoal was effective in purifying choles- 
terol so completely that it could not be activated. 
We then repeated the treatment of cholesterol 
with charcoal, subjecting the cholesterol to ex- 
ceptionally long contact with it. We also sub- 
jected cholesterol to bromination and debromina- 
tion, not once, but three tunes m succession. 
Ergosterol is instantly and completely destroyed 
by contact with bromine. All these preparations 
were activatable, and so also was a sample of 
allegedly non-activatable cholesterol which Win- 
daus made and winch we obtained through the 
kindness of Dr. Hess. It was noticeable, how- 
ever, that the purified specimens were decidedly 
less activatable than the original material, yet 
when compared with each other, there was no 
discernible difference in the activatability of the 
several specimens. That is to say, a specimen 
thrice brominated was not less activatable than a 
s{>ecimen once brominated, or than the specimen 
drastically treated with charcoal (Bills, Honey- 
well, and MacNair, 1928). 

Jendrassik and Kemenyffi (1927), in Hungary, 
had reported that cholesterol purified by bromine 
always retained a fraction of its activatability. 
To explain this, tliey postulated the existence, 



330 


Charles E. Bills 


under suitable conditions, of an equilibrium be- 
tween cholesterol and provitamin. Somewhat 
inconsistently with this explanation, they reported 
that cholesterol treated with charcoal was not 
activatable. 

Kon, Daniels, and Steenbock (1928) confirmed 
our observation that cholesterol, purified with 
either cliarcoal or bromine, is activatable. They 
claimed, however, that permanganate gave a 
cholesterol devoid of activatability. Disregarding 
the known sensitiveness of ergosterol to bromine, 
they concluded tliat ergosterol was the source of 
the activatability in the preparations treated with 
bromine, as well as in those treated with char- 
coal. 

With a l)ackground of some years, it now ap- 
pears that a reconcilation of these seemingly con- 
flicting claims is not impossible. The facts of the 
matter probably are ( 1 ) tliat cholesterol which is 
sufficiently pure is not activatable, (2) that ergos- 
tcrol is not the provitamin in highly purified 
cholesterol, and (3) that the real nature of this 
provitamin is still unknown. 

With the cooperation of Dr. MacNair of the 
Bureau of Standards the samples of specially 
purified cholesterol which Miss Honeywell and I 
had prepared were studied spectrographically. 
Under the ordinary conditions of spectrographic 
examination they showed no absorption of ultra- 
violet light, and to this extent were in keeping 
with the descril>ed products of the European in- 
vestigators. Yet it seemed evident that inasmuch 
as these preparations were activatable they must 
show somewhere the absorption of the activating 
raj^s. We therefore studied the absorption in 
thicker layers of stronger solutions. A spectro- 
gram taken through 20 cm. of a 1 5 per cent solu- 
tion in ether showed five faint absorption bands 
with maxima at 315, 304, 293.5, 282, and 269 
m^. The last three were apparently identical with 
three of the ergosterol bands. The general ab- 
sorption of this thick layer of concentrated solu- 
tion was so great at 260 m/u, and below that we 
could not ascertain whether the fourth ergosterol 
band, which we had just discovered in this posi- 
tion, was present. 

Quantitatively, the three bands with maxima at 
269, 282, and 293.5 m^t were only about 1/150 
as intense as in the original unpurified cholesterol. 
Nevertheless, the purified product was 1/30 as 
activatable as the unpurified. From this not 
wholly justifiable biological comparison, and parti- 
cularly from the presence of the two additional 
bands with maxima at 304 and 315 m/x, which 
ergosterol does not exhibit, we concluded that the 
activatability of the specially treated cholesterol 
was due either to cholesterol itself or to a hitherto 
undiscovered impurity which persisted after three 
successive treatments with bromine. 


We were inclined to associate the activatability 
of the purified cholesterol with the absorption 
bands at 315 and 304 m/*, rather tlian with the 
shorter wavelength bands. Heilbron, Mortotl« 
and Sexton (1928), however, called attention to 
the fact that the bands at 315 and 304 m/A, and 
also the band at 293.5 m/A, might well be those of 
cholesterilene, which quite conceivably was form-* 
ed in the harsh treatment to which the cholesterol 
was subjected. They reported that cholesterilene 
was not rendered active by irradiation. 

Next to take up the study of purified choles- 
terol were Koch, Koch, and Ragins in 1929. 
These workers again found that cholesterol puri- 
fied by bromine was activatable. So also was a 
specimen treated with permanganate. They made 
the noteworthy contribution that the slight activ- 
atability of the treated cholesterol preparations 
was increased 2S-fold by heating the sterol after 
purification. Koch, Koch, and Lemon (1929) 
associated the activatability of the heated choles- 
terol with a strong general absorption in the 
ultraviolet region, rather tlian with any specific 
l)anded absorption. It is clear from their work 
that the provitamin D in the heated cholesterol 
was mainly, if not entirely, a transformation pro- 
duct of cholesterol itself, and ix)t any contamin- 
ant in the original crude cholesterol which escaped 
destruction. 

Schoenheimer (1931) applied to Koch’s ex- 
periments the interpretation that cholesterol, 
when heated, undergoes a simultaneous hydrogen- 
ation-dehydrogenation reaction, resulting in the 
formation of a completely saturated sterol and a 
highly unsaturated, ergosterol-like body which is 
activatable. This interpretation is, in fact, an 
application to an in vitro reaction of the hypo- 
thesis offered by Heilbron and Sexton (1929) 
and by Schoenheimer to explain the existence in 
plants and animals of sterols with different de- 
grees of unsaturation. 

One should recall that the analytical determina- 
tions of Wiudaus, v. Werder, and Gschaider 
(1932) and Windaus and Liittringhaus (1932) 
established with a fair degree of certainty that 
ergosterol has 28 atoms of carbon, whereas 
cholesterol has but 27. The provitamin in Koch's 
preparations therefore could not be ergosterol, 
although it might possibly be a lower homolog 
of ergosterol. Apparently in the act of regen- 
erating cholesterol from its dibromide, or of 
treating it with mild oxidizing agents such as 
charcoal and permanganate, one p^uces a pro- 
vitamin of fewer carbon atoms than ergosterol. 
Something of a similar nature must occur when 
the purified cholesterol is heated. 

At first thought it would seem that the pm- 
vitamin which is formed by heating purified 
cholesterol might be identical with the one which 
in smaller quantity, is present in cholesterol 
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chemically purified. (The differences in absorp- 
tion spectra might be due merely to the presence 
of interfering substances in the heated product). 
Nevertheless, it seems that the provitamins are 
actually different. This is revealed m unpublish- 
ed work by Dr. Millicent Hathaway of the Uni- 
versity of Illinois. She has recently found that in 
tests with chickens the vitamin D produced by 
irradiating heated purified cholesterol is more 
effective, rat unit for rat unit, than the vitamin 
D produced by irradiating non-heated purified 
cholesterol. The former behaves like cod liver 
oil, the latter like calciferol. Thus Hathaway's 
vitamin D, prepared from Koch’s provitamin D, 
is distinguished as a third form of this vitamin. 

Although our knowledge of the second and 
third forms of vitamin D is exceedingly limited, 
we can infer from the fact that the provitamins 
ate not produced in abundance, that the vitamins 
themselves, were it possible to obtain them in con- 
centrated fomi or to isolate them, would be found 
to possess a high degree of physiological activity. 
I would caution you against regarding these 
forms as merely laboratory curiosities, like choles- 
terilene sulphonic acid. It is conceivable that they 
are important in natural products, such as the 
fish oils. 

We shall now pass to the consideration of the 
experiments which demonstrated that the vitamin 
D of irradiated ergosterol is a substance distinct 
from the vitamin D of cod liver oil. When 
irradiated ergosterol was discovered, neaily every- 
one who knew about it believed that it was the 
same vitamin D which, in great dilution, was the 
active principle in cod liver oil. In 1928 a re- 
quest came to our laboratory from Dr. Garrick 
of Purdue University, to supply a sample of 
standardized solution of irradiated ergosterol. 
Garrick wanted to use this newly available com- 
mercial product as a substitute for cod liver oil 
in some rations for chickens with which he was 
working at the Indiana experiment station. I 
sent him an oily solution which liad been stand- 
ardized to be 100 times as potent as average cod 
liver oil for healing rickets in rats. After a time 
Garrick wrote that the solution failed to exert 
the expected protective action in chickens. A 
second solution was supplied, but the results were 
no better, I obtained an unused portion of this 
solution, and reassayed it with rats, finding it to 
be just as effective with this species as it had been 
originally. Thereupon Dr. Massen^ale of our 
lab^tory carried out a systematic investigation 
of the responses of both rats and chickens, which 
was published in 1930. This study showed plain- 
ly that, rat unit for rat unit, the vitamin D of 
irradiated ergosterol was about 100 times less 
effective for chickens than the vitamin D of cod 
liver oil. 


A few weeks before Massengale's paper was 
printed, results of a similar nature were briefly 
reported by Mussehl and Ackerson (1930) of the 
Nebraska experiment station, and by Hess and 
Supplee ( 1930) of New York. There have since 
been a large number of studies which establish 
beyond reasonable doubt that these two important 
sources of vitamin D are physiologically different. 
Such studies have made it plain that alternative 
explanations of the anomaly are untenable. Thus, 
for example, the difference in effectiveness of the 
two forms is not due to the presence or absence 
of vitamin A, or to the nature of the oily vehicle 
in which the vitamin is held. 

There are several other physiological effects by 
which the chemical difference between these two 
forms of vitamin D is revealed. One is that 
irradiated ergosterol tends to elevate the blood 
phosphorus of an animal relatively more than cod 
liver oil when the same degree of protection 
against rickets is conferred. Another is that the 
response curves of a species such as the chicken 
have a different shape for each of these two 
vitamin sources. By response curves, I mean the 
curves which one obtains when one constructs a 
graph correlating the percentage of bone ash with 
the vitamin unitage administered. Dr. Massen- 
gale and I have lately been constructing these 
curves as the basis of a highly accurate method 
for the quantitative estimation of vitamin D with 
the chicken. The statement which I made that a 
rat unit of one form of vitamin D is 100 times 
more effective tlian a rat unit of another form is 
literally true for only one point on the response 
curve. Actually the difference varies from zero 
to infinity — zero when the response is infinitely 
small, and infinity when the response is very 
large. Unless the test period is extended to long- 
er than four weeks, one cannot produce quite as 
hard a bone in chickens with irradiated ergosterol 
as one can with cod liver oil, no matter how large 
the dosage given. The difference of 100 times is 
found when a bone ash percentage of about 47 is 
produced in young Leghorn chicks in four weeks 
of treatment. 

The practical aspects of this discoxery are so 
frequently misinterpreted that I am taking this 
opportunity to call attention to the salient points. 
The most obvious point is that irradiated ergos- 
terol is of little value to the raiser of poultry. 
Even if the patent monopoly on its manufacture 
did not exist, this form of vitamin D would still 
be uneconomical in comparison with cod liver oil 
in the feeding of chickens. 

The situation as regards the human infant is 
utterly different from that with the chicken. Re- 
viewing this field, I recently wrote (Bills, 1935) 
as follows, “The human being comes between the 
chicken and the rat, but nearer the rat, in re- 
sponse to the two forms of vitamin D. It is 
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noteworthy that, in spite of the almost immediate 
adoption of irradiated ergosterol as a therapeutic 
agent, nearly three years passed before evidence 
was obtained that a rat unit of this form of 
vitamin D exerts on the infant a quantitatively 
different effect than a rat unit of cod liver oil. 
While this is no compliment to the preciseness of 
clinical medicine, it is doubtless explained in jmrt 
by the fact that precise methods of standardiza- 
tion with rats were not in general use for either 
cod liver oil or activated ergosterol. Evidence 
tliat cod liver oil and irradiated ergosterol (Vio- 
sterol) in amounts cquipotent for rats do not 
exert the same degree of antiricketic effect on 
children, came largely from the studies of Hess, 
Lewis, and Rivkin (1930) and Hess and Lewis 
(1932, 1933). These workers found that about 
3 rat units of the ergosterol prepai*ation were 
clinically equivalent to 1 rat unit of cod liver oil. 
The satisfactory experience of physicians with 
activated ergosterol, in the face of this anomaly, 
was attributed to the fact that the customary dose 
of Viosterol is ample to counterlmlance the dis- 
crepancy in rat-unit effectiveness.’' 

When I wrote these sentences, a year ago, I 
was aware that certain clinical workers had 
claimed much greater differences tlian Hess and 
Lewis. Others maintained that there was no ap- 
preciable difference, rat unit for rat unit, be- 
tween irradiated ergosterol and cod liver oil as 
therapeutic agents. 

A contributory factor to the belief that irra- 
diated ergosterol was clinically inferior to cod 
liver oil, rat unit for rat unit, was the ill- 
chosen potency basis which until recently was 
imposed upon manufacturers by the Wisconsin 
Alumni Research Foundation (the holders of^the 
patents on irradiation) and by the Council on 
Pharmacy and Chemistry of the American Medi- 
cal Association. On this basis, the potency of 
solutions of '‘Viosterol” was designated ‘TOO D” 
or ”250 D” when the solutions were 100, or 250, 
times as potent in vitamin D as a hypothetical cod 
liver oil which contained approximately 36 per 
cent as many rat units of vitamin D per gram as 
cod liver oil of average potency. Potencies are 
now expressed in U.S.P. units, which are nomi- 
nally identical with the international units adopted 
by the Health Organisation of the League of 
Nations. 

Another factor was the poor technical quality 
of nearly all studies in which children served as 
the test animals on one side of the comparison. 
The studies recently rej^rted by Eliot (1935) are 
therefore particularly significant, in that they in- 
volved the use, not only of carefully standardized 
materials, but fairly generous numbers of selected 
children. Eliot and her associates were unable 
to detect any significant difference, rat unit for 


rat unit, between irradiated ergosterol and ct>d 
hver oil as antiricketic agents for children. 

The unqualified statement that one of these 
forms of vitamin D is more, or less, effective than 
the other, is never logically permissible. The 
logical statement of the known facts requires a 
few more words, and can be made in either of 
two ways : First, that irradiated ergosterol is kss 
effective, rat unit for rat unit, than cod liver oil 
for the chicken ; second, that irradiated ergosterol 
is more effective, chicken unit for chicken unit, 
than cod liver oil for the rat. To the uncritical, 
car, these two expressions sound coutradictory, 
yet their meanings are identical. I emphasize this 
point because I have noticed confusion over it 
many times in the medical literature. 

The active principle in irradiated ergosterol has 
been isolated and is known by the chemical name, 
calciferol. This form of vitamin D has been the 
subject of many .studies, both physiological and 
chemical. Like irradiated ergosterol, it is in- 
ferior, rat unit for rat unit, to cod liver oil for 
the chicken. We have found that the degree of 
its inferiority to cod liver oil, rat unit for rat 
unit, is the same as that of crude irradiated 
ergosterol. Its absolute potency, for the rat, is 
enormous, being about 400,000 times that of 
average cod liver oil. It is thus the most power- 
ful antiricketic agent known, although conceivably 
some of the forms of vitamin D which occur in 
fish oils might, in the isolated state, be equally or 
even more potent. 

Chemically, calciferol is an isomer of ergos- 
terol, having the formula, C28H48OH. Thus it 
differs from the hydrocarbon, cholesterilene, 
C27H44, and from any vitamin D that can arise, 
like Koch's vitamin D, from the isomerization or 
brealdng down of cholesterol, C27H45OH. Cal- 
ciferol is thus to be regarded as the fourth form 
of vitamin D. 

In the course of our studies on activation, we 
liave made many attempts to produce vitamin D 
by other means than irradiation. In recent years 
most of these efforts have been directed at the 
isomerization of ergosterol. In 1931 I reported 
with McDonald the results of a series of experi- 
ment§ in which a slight measure of success was 
attained. The product, however, was no more 
than another laboratory curiosity. 

We treated ergosterol with alkyl nitrites, such 
as ethyl nitrite, or with nitrous fumes, and then 
treated the reaction product with alkyl amines, 
such as isopropylamine. There resulted a pro- 
duct which, for the rat, had several times greater 
antiricketic activity than cod liver oil. We did 
not succeed in separating the active principle from 
its by-products, and consequently we can make no 
statement in regard to the potency of this form 
of vitamin D in the pure state. However, it will 
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miffke to illustrate our thesis on the multiple 
nature of vitamin D by calling attention to the 
fatt that this fifth form of the vitamin was pro- 
duced by the action of the same reagents, nitrites, 
which destroyed the vitamins D in cod liver oil 
and irradiated cholesterol. As an ergosterol de- 
rivative, it presumably contains one atom more 
of carbon than any vitamin D derived from cho- 
lesterol, and as a substance which apparently con- 
tains nitrogen, it differs from any form of vita- 
min D derived from either cholesterol or ergos- 
teroL So again we have a form of vitamin D, 
of no practical importance because of its low 
activity, but theoretically significant to the chem- 
ist* 

There is a sixth form of vitamin D, discovered 
in 1933, which, like two or three of the others 
described al)Ove, is of no practical importance un- 
less it should turn out to be one of the forms 
naturally occurring in fish oils. This form lias 
unusual theoretical interest because its chemistry 
is so well known. For this reason I shall des- 
cribe its preparation in some detail. 

As a result of the brilliant investigations on the 
constitution of the sterols which are associated 
with the names of Windaus, Wieland, Rosen- 
heim, Heilbron, and Bernal and their asscKiates, 
it has become known in the past few years that 
cholesterol and ergosterol, and in fact all sterols, 
are built around the skeleton of a hypothetical 
hydrocarbon called cholane, or phenanthrene- 
cyclopentane (Bills, 1935). In ergosterol and 
cholesterol there is a long open side chain at- 
tached to the cyclopentane ring. Ergosterol con- 
tains three double lx)nds, one of which is in the 
side chain at carlx>n atom No. 22, and two of 
which are in the phenanthrene ring. It is known 
that in actii’ation there is a shifting of the double 
bonds in the ring, accompanied by a rupture of 
the phenanthrene ring and the formation, by this 
rupture, of a fourth double bond. 

Windaus and Langer (1933), at Goettingen, 
made a study which revealed the importance of 
the three double bonds of ergosterol in activation. 
By heating ergosteryl acetate with maleic anhy- 
dride, they pr^uced the addition product, ergos- 
teryl acetate-maleic anhydride, in which the two 




double bonds in the ring are saturated. With this 
part of the molecule temporarily protected, they 
hydrogenated the doulile bond at position 22 in 
the side chain. The reduction product was then 
thermally decomposed, splitting off the maleic 
anhydride and giving the acetate of 22-dihydro- 
ergosterol in which the two double bonds in the 
ring were restored. From this the free sterol 
was prepared. The (jerman workers described 
22-dihydroergosterol as exhibiting the same spec- 
tral absorption as ergosterol. They found that 
it became active upon irradiation, although less 
so than ergosterol. The vitamin produced by the 
irradiation of 22-dihydroergosterol has not been 
isolated, but it is probably 22-dihydrocalciferol, 
which contains 2 more atoms of hydrogen than 
calciferol or any other ergosterol isomer, and 1 
more atom of carbon than any isomer of choles- 
terol. 

Up to this point we have seen that there are 
six chemically distinct sterol derivatives which 
exhibit in greater or lesser degree the calcifica- 
tion-promoting property of vitamin D. These 
are, if you please to so regard them, six vitamins 
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D. But we have not yet considered the vitamins 
D of irradiated foods and of fish oils. 

So far as anyone knows, nothing but sterols 
can be endowed with antiricketic properties by 
irradiation. It is universally held that the activa- 
tion of foods is actually the activation of the 
sterols which they contain. On this basis one 
postulates at the beginning of the discussion that 
there can be formed in irradiated foods as many 
kinds of vitamin D as there are kinds of sterols 
in the foodstuff that are capable of being activ- 
ated. This does not solve our problem, but 
merely complicates it, because until recently it 
was so generally believed tliat ergosterol is the 
only important activatable sterol tlmt research on 
other provitamins D was neglected. 

According to Gerard’s rule of forty years 
standing, ergosterol is the principal sterol of 
fungi, phytosterol of the higher plants, and 
cholesterol of animals (Bills, 1935). It was 
thought a few years ago that there was an ex- 
ception to the rule, in that ergosterol, in traces, 
occurred admixed with all natural sterols, and 
upon this idea were built all the intriguing h}po- 
theses concerning the origin of vitamin D in the 
skin of animals exposed to sunlight. Everything 
was simple until Waddell demonstrated tliat the 
provitamin D of spinal cord cholesterol is not 
ergosterol. Now we find ourselves as of 1926, 
except that our background for future studies 
has improved. 

Let us consider first the fungi. Yeast is the 
only fungus which is irradiated commercially, but 
the quantities of it which are so treated are so 
large that yeast is one of the two most important 
foodstuffs in which vitamin D is built up. The 
principal field of distribution for vitamin D in 
irradiated yeast is not the familiar foil package, 
as you might guess, but the stock yeast which is 
fed to cattle for the production of the so-called 
yeast milk. 

The principal sterol of yeast is ergosterol. As 
a matter of fact, yeast contains so much ergos- 
terol — up to 2 per cent of its dry weight, accord- 
ing to species and conditions of culture — that the 
ergosterol of commerce is largely made from this 
fungus. Thus there is good reason to believe that 
the vitamin D which is formed in the irradiation 
of yeast is calciferol. Experimental evidence for 
this assumption is found in the work of Mussehl 
and Ackerson (1930), who established that ir- 
radiated yeast is less effective, rat unit for rat 
unit, than cod liver oil for the chicken. This was 
confirmed by Steenbock, Kletzien, and Halpin 
(1932) and Bethke, Record, and Kennard 
(1933), who showed that the difference is a large 
one, comparable with the difference observed te- 
tween irradiated ergosterol and cod liver oil. The 
kind of vitamin D present in irradiated yeast is 


evidenced even in the milk obtained from cattle 
which have eaten it. Krauss, Bethke, and Mon^ 
roe (1932) found tliat the butter fat from yeast 
milk was less than one-fourth as effective, rat 
unit for rat unit, as cod liver oil for preventing 
leg weakness in chickens. Work recently an- 
nounced by Bethke, Krauss, Record, and Wilder 
(1935) and by Haman and Steenbock (193$) 
indicates that the difference in effectiveness, per 
rat unit, is about 10 times under the experimental 
conditions established by these investigators. 

When we leave the fungi and consider the 
higher plants, we encounter the fact that the 
phytosterol of the higher plants is no single sub- 
stance. It is merely a mixture of phyto-sterols, 
of which there are many. Stigmasterol, sitosterol, 
and dihydrositosterol have been reported to ac- 
quire no antiricketic property by irradiation when 
they are sufficiently pure, but in view of the his- 
tory of cholesterol 1 feel that the first two deserve 
reinvestigation. Specimens of sitosterol of ordi- 
nary purity have repeatedly been found to exhibit 
the ‘‘ergosterol” absorption bands and to be ac- 
tivatable. Their spectral absorption is generally 
several times more intense than that of ordinary 
cholesterol, and, as in the case of cholesterol, it 
is practically lost upon drastic purification. Some 
of the numerous phytosterols have never been in- 
vestigated from the standpoint of activation. 
Whether the ‘‘ergosterol” absorption bandwS in the 
vegetable sterols are really due to ergosterol I 
cannot say at the present time. This question is 
now under investigation in our laboratory and in 
at least one other laboratory. The method of 
study is, of course, the use of the rat and the 
chicken, which method lias become our principal 
tool of progress in a field where the ordinary 
methods of chemistry fall down and spectro- 
graphic methods are misleading. The mere fact 
that the spectral absorption bands seen in the 
vegetable sterols look like those of ergosterol is 
no proof that ergosterol is present, for the same 
series of bands is shown by 22-dihydroergosterol 
and by the provitamin D in cholesterol which 
Wadddl has studied in work which I shall pres- 
ently describe. 

Waddell’s interest in the provitamin D of 
cholesterol, and broadly, in the provitamin D of 
animal sources, came about through the fact that 
his firm liad acquired the patent rights to irradi- 
ate ergosterol for poultry use just prior to the 
discovery that irradiated ergosterol was compara- 
tively useless for this purpose. In seeking a solu- 
tion of his problem, his attention was attracted 
by certain facts which were not wholly in keep-- 
ing with the supposed identification of ergosterol 
as the provitamin D of cholesterol. Among these 
was the noteworthy efficacy, for the prevention 
of rickets in chickens, of short direct exposures 
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to ulttavtotet rays of low intensity such as occur 
in winter sunshine, in contrast to the incfficacy 
of irradiated ergostcrol. And again, there was 
the fact of the non-absorbability of unirradiated 
ergosterol by most animals, which marked it as 
a sterol foreign to the animal body. 

Waddell (1934) demonstrated that cholesterol 
containing the usual provitamin gives upon ir- 
radiation a form of vitamin D which is at least 
as effective, rat unit for rat unit, as cod liver 
oil for the chicken. He found, moreover, that 
eig:osterol irradiated in the presence of choles- 
terol is no more effective than ergosterol irradi- 
ated by itself. Therefore the provitamin D of 
ordinary cholesterol is not ergosterol, and the 
vitamin D produced by irradiating ordinary cho- 
lesterol is not calciferol. 

The possibilities opened up by this work are 
immense. Quantitative bioassays with rats and 
chickens are needed to show whether Waddell’s 
vitamin D (irradiated ordinary cholesterol) is 
distinguishable from the Koch-Hathaway vitamin 
D (irradiated heated purified cholesterol) or 
from the Windaus-Langer vitamin D (irradiated 
22-dihydroergosterol). It cannot be identical with 
any of the other four forms, for reasons ex- 
pounded earlier in our argument. It may be a 
seventh form of vitamin D, 

In a lecture delivered a few months before 
Waddeirs paper api)eared. Callow (1934), speak- 
ing for the English team of investigators with 
calciferol, admitted the possibility that the vitamin 
D of cod liver oil may be different from calci- 
ferol. He suggested that, in view of the work 
on 22-dihydroergObterol, the ^‘natural provitamin 
is a cholesterol derivative with the double bonds 
in the critical position, a demethyldihydroergos- 
terol, and that natural vitamin D is a demethyl- 
dihydrocalciferol.** It occurs to me that this sug- 
gestion can be applied extraordinanly well to 
Waddell’s vitamin D in at least three respects. 

First, the hypothetical demethyldihydroergos- 
terol, or, as it might be called, 7-dehydrocholes- 
terol, would he a substance identical with ergos- 
terol except in the side chain. It is known that 
the spectral absorption bands of ergosterol are 
due to the two double bonds in the phenanthrene 
ring. Therefore, the hypothetical substance 
stould exhibit the same bands as ergosterol and 
22-dihydroergosterol. The bands of the provi- 
tamin are actually very similar to, and seemingly 
indistinguishable from these. 

Second, it is obvious that 7-dehydrocholesterol, 
lacking the side chain methyl group of ergosterol, 
is a Car compound, rather than a C 28 compound. 
Although it is not true that any sterol with 27 
carbon atoms can be absorbed by the animal body, 
it does seem to be the rule, with exceptions, that 
animal sterols have one fewer carbon atoms than 
coinmon sterols of the v^^ble kingdom. 


Third, it is to be expected that 7-dehydrocho- 
Icsterol, lacking the double bond of the ergosterpl 
side chain, would be a more stable substance tlian 
ergosterol. Years ago I commented on the 
anomaly that ergosterol, so unstable by itself, 
should withstand years of aging as the provitamin 
D of cholesterol. 1 had detected the ^‘ergosteror* 
absorption bands in a sample of gallstone choles- 
terol sixteen years old. King, Rosenheim, and 
Webster (1929) made the same observation, a 
fortiori, on the sterols from the brain of a Coptic 
mummy. 

The cholesterol used in Waddell’s experiments 
was obtained from the laboratory of a meat- 
packing firm which makes it, so I am told, from 
spinal cords. While it is impossible to say that 
cholesterols from all sources carry the same pro- 
vitamin D as spinal cord cholesterol, the assump- 
tion is that they do. We have under investiga- 
tion by the rat-and-chicken method cholesterol 
from spinal cord in comparison with that from 
halibut liver oil, human skin, and butterfat, each 
of which has an obvious significance. 

In April of this year two reports were made on 
the efficacy of irradiated milk, one by Bethke, 
Krauss, Record, and Wilder (1935) and the 
other by Haman and Steenbock (1935), These 
workers agreed that, rat unit for rat unit, the 
vitamin D of irradiated milk is of the same order 
of effectiveness for the chicken as the vitamin D 
of cod liver oil, and ten times as effective as that 
of yeast milk. Haman and Steenbock found no 
difference in effectiveness between irradiated milk 
and irradiated cholesterol. Thus there is evi- 
dence that the provitamin D of milk cholesterol is 
the same as that of cord cholesterol, and conse- 
quently that the vitamin D of the two is the same, 
though different from that of irradiated ergos- 
terol. This may be the beginning of a general- 
ization in support of the view that the principal 
provitamin D of all cholesterols is the same. 

We shall consider, finally, the vitamins D of 
fish oils. During the past several years we have 
extracted the liver oils of more than 100 species 
of fish, and have quantitatively assayed each for 
its content of vitamin A and vitamin D. The first 
assays for vitamin D were done in every instance 
with rats, of which we used in all about ten 
thousand. This work revealed enormous species 
differences in vitamin D potency. Two of the 
oils contained less than 1 international unit of 
vitamin D per gram, and several contained more 
than 60,000 units per gram. Cod liver oil, by 
way of comparison, contains on the average 100 
units per gram, and is one of the weaker 
sources. 

Although it has not been the custom to question 
the singleness of ’’natural** vitamin D, we con- 
sidered that of all sources where different forms 
might naturally occur, these vastly different fish 



336 


Charles E. Bills 


oils were the most likely. We therefore assayed 
twenty-five of the oils quantitatively with chick- 
ens, and reassayed these chosen specimens w^ith 
an extra number of rats. With the methods em- 
ployed, the proljable error of our assays was only 
about 10 per cent of the unitage found. 

The first special oil examined was halibut liver 
oil. Rat unit for rat unit, this was slightly less 
effective than cod liver oil for chickens, but the 
difference was not much more than the probable 
error of the assays, and certainly not more than 
the expected occasional error. Halibut liver oil 
contains on the average about 12 times as much 
vitamin D per gram as cod liver oil, and is thus 
an oil of medium potency. 

Our next experiment was with a tuna liver oil, 
which on the average is 400 times as potent as 
cod liver oil when assayed with rats. I'his oil 
was found to be only one-sixth as potent, rat unit 
for rat unit, as cod liver oil for the chicken. 
Since it is known that certain esters of calciferol 
do not exert their antiricketic action until they 
have been hydrolyzed, it occurred to us that the 
strange behavior of the tuna liver oil might be 
due to the existence of the vitamin D in that oil 
as an ester which is easily hydrolyzable by the 
rat but not by the chicken. We therefore pro- 
ceded to saponify both oils, and to administer the 
unsaponifiable fractions to both chickens and rats. 
With both oils, the unsaponifiable fraction was 
somewhat more effective, rat unit for rat unit, 
than the oils themselves for the chicken. The en- 
hancement of effectiveness amounted to 19 per 
cent in the tuna liver oil, and 37 per cent in the 
cod liver oil. These enhancements are sufficient- 
ly great to indicate strongly, though not beyond 
doubt, that in each oil at least part of the vi- 
tamin D had originally existed in a combination. 
Nevertheless, the unsaponifiable fraction of the 
tuna liver oil was only one-seventh as effective, 
rat unit for rat unit, as the unsaponifiable frac- 
tion of the cod liver oil for the chicken. The 
obvious explanation is that the vitamin D of this 
tuna liver oil and the vitamin D of cod liver oil 
are different substances or different mixtures of 
substances. 

We continued the study of fish oils until we 
had investigated 25 species. The work I have 
mentioned here was briefly announced by Bills, 
Massengale, and Imboden (1934). The detailed 
study will be published next winter, or as soon 
as we have cleared up some straggling points. It 
is sufficient to say now, that in tWs extensive col- 
lection of oils we found some which, rat unit for 
rat unit, were for the chicken more effective than 
cod liver oil, and some which were less effective 
than the tuna liver oil. It is significant that 
when the scatter of the assays of these oils is 
recorded graphically, it reveals no marked con- 
centration of samples around cod liver oil. If 


it were otherwise, i.e., if there were more ahd 
more oils closely similar to cod liver oil, and 
fewer and fewer removed from it as regards the 
efficacy ratio for chickens and rats, then one 
would infer either that some regular source of 
error was at work, or that cod liver oil represented 
one single form of vitamin D. As it is, the scatter 
does not suggest any errors of unusual magni- 
tude. It does indicate that cod liver oil vitamin 
D is just a mixture of forms of this vitamin, such 
as occurs, in different proportions and concentra- 
tions, in any of the other fish oils. At least, this 
must be one’s interpretation of the observations, 
unless one makes the highly unreasonable assump- 
tion that each fish oil contains its own private 
form of the vitamin. In our CwStiniation, there- 
fore, the fact that irradiated cholesterol happens 
to exhibit, rat unit for rat unit, about the same 
effectiveness as cod liver oil for chickens, is no 
proof and is hardly even evidence that the vita- 
min D which arises from Waddell’s provitamin 
D is the same as that naturally occurring in cod 
liver oil. 

At present we do not know, and we may never 
know how many forms of vitamin D exist in 
fish oils. The first form of vitamin D that I 
reviewed, cholesterilene sulphonic acid, is cer- 
tainly not in them, for it is not potent enough to 
account for the activity of even a mediocre oil. 
The fifth form — that which results from the 
action of alkyl nitrites on ergosterol — cannot be 
the form in cod liver oil, because the vitamin D 
of cod liver oil is destroyed by nitrites. The 
fourth form, calciferol, may occur in fish oils, 
but if it does it is not alone, for no fish oil that 
we have examined behaves as badly, rat unit for 
rat unit, as calciferol in the chicken. Ender, in 
1933, made from tuna liver oil a vitamin D con- 
centrate which was one-fourth as potent as calci- 
ferol for rats. It did not show the expected 
calciferol absorption band, and its rate of esteri- 
fication with phthalic anhydride was much greater 
than that of calciferol. For these reasons, this 
particular tuna liver oil vitamin D cannot consist 
largely of calciferol. The second and third 
forms, those which are made in the laboratory 
by the irradiation of specially purified cholesterol 
or of Koch’s provitamin, have not been obtained 
in concentrated state. Conceivably they are 
highly potent substances which could be factors 
in fish oils. The sixth form, that which comes 
from 22-dihydroergosterol, may be present. We 
can say more about this when our present ex- 
periments with chickens come through and pos- 
sibly identify this with, or distinguish it from, 
the vitamin D produced by irradiating Waddell’s 
provitamin. The hypothetical dcmethyldhydrocal- 
ciferol is always something to be looked for in 
fish oils, and we cannot forget that there arc still 
other possibilities among the isomers of choks- 
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terol and eri^osterol, of which several hundred 
isaii theoretically exist. 

Several topics which I have mentioned here 
only briefly are discussed more at length in my 
review of the sterols (Bills, 1935). I have tried 
today to expand only one subject and to search 
out its possibilities as far as I dared. If I have 
gone too far with the theoretical, it is because 
I feel that an informal review should not only 
consolidate one’s thoughts on a subject, but open 
the way to new ideas. 
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Discussion 

Dr, Bergmann : Until • quite recently the 
organic chemist was inclined to conclude from a 
similarity in physiological behavior of two un- 
known substances that if not identical they were 
at least very closely chemically related. That 
such conclusions might lead to serious mistakes 
has been shown by Fritz Koegl in his excellent 
studies on the growth promoting substances of 
plants. He found that the original growth hor- 
mone, auxine, which is present in seedling tips, 
is a cyclopentene derivative, while the hormone 
found in the urine is partly, and in micro-organ- 
isms is exclusively th6 “heteroauxine^' which is 
indolacetic acid. These two substances which are 
chemically absolutely different can replace each 
other in every known reaction on young oat or 
corn seedlings. They show only a slight differ- 
ence in activity. 


I think that Koegl's ex^rience can teach evity 
chemist who is engaged in the study and isdta? 
tion of hitherto unknown highly potent substaiUDOl 
an important lesson. As Bills has outlined^ the 
chemists have for some time concluded that 
gosterol was the provitamin D and calciferdi the 
vitamin D. These conclusions were based on 
similarities in physiological behavior. They ktt 
as we know now incorrect and misleading though 
they have been doubtless very useful. I agree 
with Bills in believing that what I might caU the 
artificial vitamins D, that is to say those which 
have been prepared from sterol derivatives either 
by irradiation or chemical means have certain 
chemical properties in common, for instance, the 
position of the double bonds. Whether the na- 
turally occurring vitamins D (and therel^ I am 
thinking especially of those occurring in fish oil) 
resemble the “artificial'' substances at all, remains 
to be seen. There might be some evidence that 
they do but I think that under all circumstances 
one should keep one's mind free that they might 
not. 

There is the question of the photochemical 
origin of the fish oil vitamin D which has always 
puzzled me. Obviously under the influence of 
irradiation experiments on sterols the theory has 
been elaborated that the sterols of algae or small 
plants are transformed by light into vitamin D, 
and that these algae are eaten by small fish which 
then are devoured by the bigger fish such as cod- 
fish, which then store the vitamin in the liver. I 
should like to ask Dr. Bills whether in his opinion 
this theory has any other foundations than the 
conclusions derived from the aforementioned ir- 
radiation experiments. Is it not likely that the 
presence of vitamin D in fish might have nothing 
at all to do with irradiation? 

I want to mention again Koegl's experiences 
with the auxincs. At the present time plant 
physiologists cannot offer the slightest explana- 
tion for the fact that the real auxine and the in- 
dolyl acetic acid show identical physiological ht- 
havior. It seemed for some time that the indolyl 
acetic acid promoted growth by what Koegl calls 
“using the back door''. It was believed that in- 
dolyl acetic acid increased the rate of respiration 
in growing plants, thereby stimulating the met- 
abolism in general and indirectly promoting 
growth. As interesting as this explanation was, 
it did not stand up under further experiments. 
I have mentioned this example because it semis 
to me that the wayTS of attack on the artificial 
and natural vitamins D are somewhat different 
The artificial vitamins D might use “the bade 
door" and in cases where there is no back door^ 
as let us say in chickens, they are relatively in- 
effective, A closer study of the toxicity o£ ffie 
different vitamins D might throw some light on 
this problem. 
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I have {^resented these thoughts, the speculative 
character of which is quite clear to me, not with- 
out much hesitation. That I did put them down 
at all was mainly due to the encouraging sentence 
with which Bills doses his paper, namely; “An 
informal review should not only consolidate one’s 
thoughts on a subject, but open the way to new 
ideas/’ 

Dr. Bills : The theory which Bcrgmann men- 
tioned in regard to the orgin of vitamin D in 
fish has little to support it. Schmidt-Nielsen 
observed that the basking shark, which exposes 
itself to the sun for hours at a time and feeds 
<m the plankton at the surface of the ocean, has 
a low concentration of vitamin D in its liver oil. 
Examinations of plankton have shown little, if 
any, vitamin D to be present. We found that 
capelin, the principal fish eaten by the Newfound- 
land cod during the fattening period, is a poor 
source of vitamin D. We also found that young 
catfish, grown in captivity on a vitamin D-free 
diet, exhibited the normal amount of vitamin D 
in their tissues. This was true whether they grew 
in the dark or were exjx)sed to ultraviolet irradia- 
tion. It is my opinion, from this admittedly in- 
conclusive evidence, that some fish, at least, have 
the power of synthesizing vitamin D. The larger 
fish, no doubt, get some vitamin D from their 
prey, but that is beside the point. 

Dr, Harris: You mentioned that it is quite 
likely that in liver oils of fishes there is always 
more than one form of vitamin D present in vary- 
ing absolute or relative amounts, which would ac- 
count for the wide range of potency found. Have 
assays been made on liver oils of lower forms of 
life? One might guess that forms would be 
found in the evolutionary scale in which only one 
type of vitamin D is present; that the situation in 
the fishes represents a rather advanced evolution- 
ary state in regard to vitamin D. 

Dr, Bills: Hn fortunately, the liver oils of the 
lower “fishes”, the elasmobranchs and cyclos- 
tomes, contain very little vitamin D. The livers, 
or organs homologous with liver, of still lower 
forms have not been studied. The body oils of 
some lower forms such as shrimp, squid, and 
oysters, also contain only a little vitamin D. Cho- 
lesterol is almost universally present in the animal 
kingdom ; it may be that some forms of vitamin 
D in small amounts are also widely distributed. 

Dr, Ponder: Has the idea of asing two 
species in vitamin assays been applied to distin- 
guish new forms of vitamins other than D ? 

Dr, Bills: Some of the components of the vi- 
tamin B complex have been studied this way, but 
the possibilities of the method are far from ex- 
hausted. 

Dr. Strain: One of the points that occurred 
to me during the address is that of the classifica- 


tion of calciferol, dihydrocalciferol and perhaps 
the other compounds with vitamin D potency. 
Calciferol and dihydrocalciferol lack the perhy- 
drocyclopentaphenanthrene nucleus clmracteristic 
of the sterols and probably should be classified 
not as sterols but as derivatives or degradation 
products. Of course the point is purely academic. 

With respect to the differences in potency of 
the various fish oils two views are possible. Either 
the compounds responsible for the potency arc 
quite similar, or as intimated by Bcrgmann, 
wholly different. Assuming that they are similar 
one might expect the differences in potency to be 
due to variations in the nature of the side chains. 
Unfortunately the chemistry of the liver of fish 
has not been well investigated. Bile fistulas can- 
not be made as in the case of dogs and other 
higher animals and in general the bile has not 
been examined. The slmrk, however, is an ex- 
ception. In the bile of this fish the sulfuric acid 
ester of scymnol occurs in place of the usual bile 
salts. Scymnol differs from cholic acid in that 
the side chain has the structure, 

^CH-~CH2~CH2-CH-C-CHs , 

I x/x 

CHa O CHaOH 

and one of the hydroxyl groups occupies a dif- 
ferent, as yet undetermined, position. Should 
this type of side chain be present in a compound 
otherwise similar to calciferol, it might well ac- 
count for the differences brought out in the dif- 
ferential test. 

But continuing this speculation one would ex- 
pect the potent fish oils to show the same type of 
absorption spectrum as calciferol and to slowly 
form adducts with maleic or citraconic anhydride. 
Bills has pointed out that the absorption spectra 
are quite different. Are there any data on the 
formation of adducts? 

My own impression is that the potent sub- 
stances of the fish oils will be found to be quite 
different from calciferol but perhaps with the 
common feature of a conjugated system appro- 
priately placed with respect to other functions. 
Such seems to have been the idea of Rosenheim 
and King, also, in one of their speculative articles 
which appeared a few years ago. This implies 
a lack of specificity and, although specificity 
seems to be the rule in nature, the sex hormones 
as well as the auxines illustrate beautifully that 
specificity need not be absolute. Of couise the 
physiology of the hormones and vitamins is so 
obscure that any argument of specificity or non- 
specificity may be premature. Indeed, it is prob- 
aWe that through a study of various compounds 
with vitamin D potency a lieginning on the ph>s- 
iology may be made. 
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Dr, Bills: In the narrowest sense, a com* 
pound such as calciferol, in which the sterol ring 
is broken, is not a sterol. But I should prefer 
to still regard calciferol as a sterol, in the loose 
sense that we associate phthalic acid with naph- 
thalene, or ill the sense that we regard cliaulmoo- 
gric acid as a fatty acid in spite of its ring struc- 
ture. It is all a question of how far we should 
go in a matter of definition. 

In answer to Strain’s specific question, I will 
say that little has been done in the formation of 
adducts from fish oil vitamin D. I recall that 
there have been one or two attempts, but these 
did not lead to anything of importance. 

Dr, Moyer: Aside from the nutritional aspects 
of the problem, it may be well to emphasize that 
the problems of biology are frequently problems 
concerning heterogeneous sjstems. It would 
therefore be of interest to investigate the behavior 
of calciferol at an interface and compare it with 
cholesterol or ergosterol. Frequently the proper- 
ties of molecules at interfaces are different from 
what one might expect by consideration of their 
chemical structure. For instance, particles of 
cholesterol and ergosterol, although secondary 
alcohols, behave as though amphoteric and ex- 
hibit an isoelectric point near pH 3.1 when sus- 
pended in buffers. This is probably due to ad- 
sorption of ions from the solution but, if so, it 
is an unusual type of adsorption for other adsorb- 
ing surfaces such as cellulose or oil drops do 
not reverse their sign of clmrge but remain nega- 
tive at all pH values in simple salt solutions. 

Recent studies, with highly purified crystalline 
material which had arrived at a steady state with 
its buffer medium, show that the electrophoretic 
mobility-pH curves for ergosterol and cholesterol 
are identical, within the limits of error. It would 
be of interest to investigate the surface properties 
of cholestene, cholestane, coprosterol, and dihy- 
drocholesterol in this way, to see if the double 
bond or the hydroxyl group could be identified as 
responsible for this behavior. Irradiation of sus- 
pended ergosterol crystals or irradiation of films 
of ergosterol on surfaces might produce an al- 
tered surface which could be correlated with 
changes in charge density. Such investigations 
carried on with pure materials may lead to a 
further understanding of the part played by 
sterols in biological processes. 


Dr, Strain: This seems to me to be A 
difficult problem. The sterols form moiecuibur 
compounds so easily that it is difficult to tell jttst 
what one is measuring. 

Dr, Meyer: I wonder whether slight structure 
al changes of steric nature would not produce 
great differences in the physiological behavior of 
sterols, accounting not only for activation by ir- 
radiation, but also by other means. It interest^ 
me also to hear Bills' comments on the stability 
of '‘ergosterol" in the presence of cholesterol We 
found cholesterol completely stable towards oxy- 
gen in the presence of heavy metals. A slow 
catalytic oxidation of cholesterol was only ob- 
tained with chlorophyll on irradiation with visible 
light. On the other hand, it is well known that in 
tissue extracts, cholesterol is very readily oxidiaed 
during saponification, so that it cannot be obtaine4 
in crystalline form. 

Dr, Brackett: Since calciferol shows an ab- 
sorption maximum in the region around 26S 
and relatively less absorption at wavelengths 
longer than 280 m/i, and since the suprasterols 
are formed, directly or indirectly by overirradia- 
tion, and presumably by initial absorption in the 
calciferol band, one would expect a larger con- 
centration of vitamin from irradiation with wave- 
lengths of 280 nift and longer. Is this actually 
the case? The work of Reerink and van Wijk 
and others seemed to support this view. Has 
later work led to a contrary conclusion? The 
work of Bunker does not indicate much variation 
in the over-all efficiency for different wavelengths 
in the general region of ergosterol absorption. 
However, the results obtained in vivo might well 
be different from those obtained in various sol- 
vents. 

Dr, Bills: The wavelengths of light employed 
in irradiation in vitro do have an influence on the 
composition of the product. However, their in- 
fluence on the amount of vitamin D produced is 
less than on the relative amounts of other prod- 
ucts, such as lumisterol and tachysterol. It is 
more than likely that the picture is different for 
sterols irradiated in vivo, as in the living skin. 
There the presence of pi^ents, filters, stabilizers, 
and substances with which sterols go into com- 
bination might well be factors of importance, but 
all this is a problem difficult to attack experi- 
mentally. 
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The ojcidation of substances under the influence 
of visible light in the presence of fluorescent 
dyestuffs has two main points of interest; first, 
a biological, connected with the problem of 
photodynamic action and the assimilation of CO 2 
In the green plant, and second, a chemical and 
physico-chemical, connected with the problem of 
autoxidation and chemical reaction mechanism in 
general. Tappciner (1) has shown that O 2 is 
necessary for the photodynamic action. Recent- 
ly Kautsky (2) has come to the conclusion that 
O 2 is the oxily molecule activated under the in- 
fluence of light and chlorophyll. Though the 
latter view has been challenged (3, 4, 5), there 
remains the paramount role pla>ed by O 2 in 
photosynthesis (6). 

The following report will confine itself to the 
study of the photosensitized oxidation of some 
biologically important substances and its relation 
to the problem of autoxidation. It seems that a 
better knowledge of catalytic oxidation in rela- 
tion to chemical structure and to the catalyst used 
might be of value for problems of much wider 
scwe. 

The experiments reported here were mainly 
carried out tn 1928 and 1929 in the laboratory of 
Professor Richard Kuhn in Zurich, to whom the 
author is indebted for much advice A few ex- 
periments have been carried out in collaboration 
with Dr. John W. Palmer in the author's present 
laboratory. 

Experimental 

In most of the experiments the oxygen uptake 
was measured in a Warburg apparatus at 37°. 
The light source was a 120 watt single wire fila- 
ment lamp suspended on movable clamps in the 
water bath 7 cm. from the bottom of the conical 
vessels. Aqueous solutions or aqueous-lipoid mix- 
tures were used. Some experiments performed in 
the author's present laboratory were made with an 
experimental set-up of a different fonu which 
seems to be useful in work of this type. The 
MTRter bath (Figure 1) has a protruding section 
(«) at the top with a pane of glass (b) forming 
the bottom of the extension, as used by Emer- 
son. A removable metal box (c), which fits in 
under the extension, contains light bulbs (d), one 
under each manometer, and a cooling fan (^). 
Above the bulbs are two metal sheets (g), which 
slide over each other forming slits. The width 
of the openings made by the slits is adjusted by 
two screws (A), one at each end of the box. At 


logical Chemistry for the construction of the 
illuminating apparatus.) 

The first experiments were concerned with the 
oxidation of pyruvic acid (7). This substance 
was found to be stable toward oxygen in acid 



Fig. 1. Apparatus for irradiation of Warburg 
vessels. 



Fig. 2. Oxidation of pyruvic acid with eosin and 


the top of the box are two slots for inserting 

r plates and filters (k). (Our thanks are due 
Fred Rosebury of the Department of Bio- 


pyridine-hemin. Eiach vessel contained 0.3 cc. 0.88 
N pyruvic acid + 0.2 cc. 5 N NaOH + 0.0 cc. water 
+ 0.1 cc. addition. Additions: I. 0.1% eosin in 
N/lOO KaOH. H. H/650 pyridine-hemin in 5% 
aqueous pyridine. 
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and neutral solutions in the presence or absence 
of iron. If, however, alkali was added up to a 
concentration of about 0.8 N, pyruvic acid took 
up O 2 spontaneously. With pyridine-hemin this 
oxidation could be greatly accelerated. Light had 
no influence on the spontaneous oxidation nor on 
the oxidation with hemin. In the presence of 
eosin and light the rate of oxidation was many 
times greater tlian with hemin (Fig. 2). The 
oxidation product was oxalic acid, isolated in 
amounts equivalent to 65-75% of the O 2 lip-take. 
The (^2 uptake was proportional over a wide 
range to the logarithm of the eosin concentration 
(Figs. 3 and 4). 

Isochlorophvlline was found to exert a photo- 
sensitizing influence similar to, though smaller 
than, that with eosin. Rhodamine B was only 
slightly active. HCN inhibited the spontaneous 



Fig. 3. Photo-oxidation of pyruvic acid with 
varying amounts of eosin. Each vessel contained 
0.3 cc. 0.88 N pyruvic acid + 0.9 cc. water + 0.2 
cc. 5 N NaOH + 0.1 cc. N/lOO NaOH containing 
eosin in amount indicated. 



Fig. 4. Photo-oxidation of pyruvic acid, based 
on data of Fig. 3 at 1 hour. 


oxidation and the catalytic oxidation by 
but had no influence on the photosensitized re- 
action. 

Sorbic acid, which has two conjugated double 
bonds and is oxidized by hemin, was oxidized 
at neutral reaction with eosin, but much more 
slowly than pyruvic acid (8). Some natural 
polyenes (bixine, lycopine) were hardly oxidized 
at all, apparently because of the conjugation of 
their double bonds (9). 

In further experiments the oxidation of ole* 
finic acids in water-oil two-phase systems was 
investigated. In a previous study (8) the autox- 
idation of oleic, linoleic, and linolic acids was 
found to be catalyzed by hemin. The oxidation 
products were of complex nature, since CO 2 was 
evolved. Two acids with terminal double bonds, 
decenic and undecenic, were completely refrac- 
tory. In the presence of natural chlorophyll^ 
dissolved either directly in the substances or in 
paraffin oil or cyclohexanol, a very rapid O 2 up- 
take took place upon irradiation (Fig. 5). The 



Fig. 5. Photo-oxidation of oleic acid and olive 
oil with chlorophyll. In each vessel 0.8 cc. H/15 
phosphate (pH 7.0) + 0.5 cc. water + 0.1 oc. sub- 
strate + 0.1 cc. 0.1% chlorophyll in paraffin oil. 

reaction did not yield CO 2 , H 2 O 2 , nor organic 
peroxides. In recent experiments without water 
the reaction was studied further. It was found 
that the oxidation of oleic acid slows down after 
one atom of oxygen has been absorbed. On ti- 
trating with alcoholic KOII and simultaneously 
estimating the iodine number according to the 
method of Dam (10), it was found that the 
double bond remained almost unchanged, while 

iThe c;hlorophyll used was a very pure speotoiien 
containing both components A and B to the 
proportion occurring in the plant. We owe tk* 
Stoll of Basle thanks for this specimen. 
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the equivalent weight had increased to correspond 
to the oxygen taken up. It is believed that any 
O 2 uptake beyond 0.5 mol and any change in 
double bond are due to the simultaneous “dark 
reaction/' 

Although the O 2 uptake of the unirradiated 
control remains small during the short time of 
the experiments, after irradiation there is a con- 
siderable O 2 uptake in the dark, especially during 
the first minute after irradiation has stopped. 
This photochemical after-effect is not due to a 
lag in the O 2 diffusion or to other mechanical 
factors. As the dark period is prolonged, the O 2 
uptake drops to a constant “dark'' rate. On 
addition of hydroquinone in cyclohexanol the 
dark reaction could be considerably decreased. 
The light reaction was also decreased, but to a 
lesser degree. (Fig. 6). 



Fig. 6. Photo-oxidation of oleic acid with chlo- 
rophyU. Effect of hydroquinone. Each vessel 
contained 1.2 cc. oleic acid 4* 0.2 cc. 0.1% chloro- 
phyll in cyclohexanol + 0.1 cc. addition. Additions: 
I, 0.1 cc, cyclohexanol, II. 0.1 cc. 0.002 M hydro- 
quinone in cyclohexanol. III, 0.1 cc. 0.06 M 
h 3 ^roqutnone in cyclohexanol. During the same 
time the controls, oleic acid + cyclohexanol acid, 
dele add + hydroquinone in cyclohexanol, took up 
35.7 and 29.i cmm. Og respectively. 

The vessels were irradiated for 10 minutes, 
after which the manometers were read. A second 
reading was made after 5 minutes in the dark, 
and a third after a further 10 minutes in the 
dark. For the evaluation of the experiments, the 
O 2 uptake of the 10 minute dark period was taken 
as giving the true “dark" rate ; the dark reaction 
was assumed to be continuous, and the ih up- 
take during the light period and the S minute 
dark period was corrected for this. The dif- 
ference between the observed O 2 uptake during 
tixe 5 minute dark period and the calculated dark 
reaction for that time was taken as part of the 


true light reaction, This photochemical after- 
effect is quite pronounced in the viscous solu- 
tions, and is probably due to the long life-time of 
the activated molecules. Kautsky and co-workers 
have estimated the life span of activated dye 
molecules from luminescence measurements as 
10~^ seconds (2). 

The estimations of the equivalent weight and 
the iodine number were made on samples shaken 
with air in larger flasks. The oxygen uptake was 
followed gravimetrically. Samples were taken 
out before the reaction started and at the end* 
As a control a similar mixture was shaken simul- 
taneously which contained, instead of the chloro- 
phyll solution 111 cyclohexanol, this solvent only. 

In experiments on four substances of terpene 
nature (citronellal, linalool, pulegone, and ter- 
pineol) which showed with or without hemin a 
negligible oxidation only, a marked photosensi- 
tized oxidation was found with chlorophyll (9). 
Regardless of whether one or two double bonds 
were present, each substance took up slightly over 
one mol of oxygen. The decolorization of KMnOi 
and of Br 2 when O 2 uptake had ceased indicated 
that the double bonds were still present. The 
aldehyde group of citronellal was not attacked. 

In experiments on ergosterol (11) the autoxid- 
ation, the photochemied oxidation without sen- 
sitizer, and the photosensitized oxidation with 
eosin and chlorophyll were studied. In a diphasic 
system with aqueous buffer and a lipoid solvent, 
ergosterol showed an autoxidation, greatly ac- 
celerated by iron and inhibited by cyanide. More 
than three mols of oxygen were taken up. With 
eosin, Windaus and Bruncken (12) had found 
that, in light, ergosterol absorbs one mol of oxy- 
gen, forming an ergosterol peroxide, which was 
isolated. In the absence of oxygen, eosin acted 
in stoichiometric proportion as a hydrogen ac- 
ceptor, forming a dehydroergosterol. In our 
experiments with eosin in a diphasic system, the 
oxygen uptake was slightly in excess of one mol. 
With chlorophyll, the oxygen absorption slowed 
down after one equivalent was taken up (Fig. 

7.) 

In these experiments it was observed that the 
optical rotation of the ergosterol decreased. Such 
preparations, made in the pre.sence of olive oil or 
oleic acid, were found to have antirachitic (cura- 
tive) activity. The antirachitic assays were car- 
ried out by Dr. Tschopp of Basle, who used 10 
rats for each dilution. The results were checked 
by X-ray photography. With preparations irradi- 
ated in absence of oxygen no healing was ob- 
served; neither was activity found in samples ir- 
radiated in the absence of chlorophyll, or contain- 
ing chlorophyll but not irradiated. Still tetter re- 
sults were obtained by working in a pure lipoid 
(monophasic) medium. The results are sum- 
marized in Table 1. 
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Fig. 7. Photo-oxidation of ergosterol and choles- 
terol in cyclohexanol with chlorophyll. In each 
vessel 0.8 cc. M/15 Na^HPO^ + 0.1 cc. 0.1% chlo- 
rophyll in paraffin oil + 0.3 cc. water + 0.1 cc. 
3% cholesterol or ergosterol in cyclohexanol. 


In similar though not identical experimaEMti* 
Dr. T. F. Zucker of the Department of Pati^ 
ology, using the present day standard technique, 
first did not obtain healing of rachitic rats With 
our preparations. Later experiments, however, 
seem to give positive results. It will be desirable 
to obtain more data on this problem. There is 
probably a formation and simultaneous destruc- 
tion of an antirachitic substance. That vitamin 
D, obtained from ergosterol by irradiation by 
mercury arc, is destroyed by "'autoxidation" and 
by iron catalysis in the dark at at least the 
same rate at which ergosterol is oxidized, has 
been shown by Kuhn and Meyer (8). We 
find in comparing earlier experiments with 
oleic acid and chlorophyll with recent ex- 
periments on new samples of oleic acid (some had 
been vacuum-distilled) that the latter show a 
greater dark reaction and a diminished light rc- 


Table I. 


Optical Rotation and Antirachitic Properties of Ergosterol Oxidized in Presence of CMorophyll 


Ergosterol 

Chlorophyll 

Water 

Irradiation 

Gas 

Observed 

Final ergo- 

Tube 

Antirach- 

vol. and cone. 

vol. and cone. 

time 

angle 

sterol cone. 

length 

itlc effect* 



cc. 

hours 




cm. 


5 cc. 3% 

0.4 cc. 0.1% 

0.6 

24 

5% COa 

-0705“ 

0.484% 

2 





in N 2 




>1 

0 

tt 

99 

99 

-0.705“ 

0.485% 

2 


»* 

0.4 cc. 0.1% 

tt 

tt 

air 

-0.005“ 

0.484% 

2 


5 cc. 3% 

0.4 cc. 0.1% 

0.6 

4.5 

air 

-0.04“ 

0.484% 

1 


ff 

0 

tt 

99 

91 

-0.45“ 

99 

99 


n 

0.4 cc. 0.1% 

tt 

0 

19 

-0.49* 

it 

tt 


15 cc. 3% 

1.2 cc.0.1% 

1.8 

3.0 

air 

-0.21“ 

0.60% 

1 


9f 

0 

tt 

99 

99 

-0.46* 

tt 

99 


ft 

1.2 cc. 0.1% 

tt 

24 

tt 

-0.025“ 

tt 

tt 


tt 

0 

tt 

99 

tt 

-0.32* 

tt 

tt 


IS cc. 3% 

1.2 cc.0.1% 

1.8 

5 

air 

0.0 

0.60% 

1 

Curative 
dose 0.1 mg. 

tf 

tt 

91 

0 

99 




No effect 

9 cc. 5% 

7.2 cc.0.1% 

1.8 

2 

air 

-0.32* 

0.50% 

1 


tt 

tt 

0 

tt 

99 

-0.196* 

99 

ft 


tt 

tt 

0 

2.5 

99 

+0.024“ 

tt 

tt 

Ctkimttve 
dose 0.1 »f . 

tt 

tt 

1.8 

tt 

tt 




Curatlvs 
doM OJ. mg. 


* Biological activities kindly determined by Dr. T8cb<^p of **Ciba'*, Basle. Groups of 10 rats were tested 
at each level. McCoUum diet 8143 was employed. The experimental material was administered oraQy in 
sesame oil for three weeks, and the effect was observed roentgenologically. Controls were fed the same 
material unirradiated, and Irradiated but without chlorophyll. Both were without effect. AH the 
were protected frmn light. 
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i^on. In collaboration with Dr. Zucker we will 
further study this problem and try to suppress 
tlwj dark reaction, adding a substrate more readily 
photo-oxidized than oleic acid. 

Discussion 

The substances which have been found to un- 
dergo a photosensitized oxidation with fluorescent 
dyes are almost all autoxidizable. Table II gives 
examples which have been studied in greater de- 
tail. Most of them possess one or more ethylenic 
double bonds. The aldehyde group, although au- 
toxidizable (in the presence of heavy metals), is 
stable toward photosensitized oxidation (formal- 
dehyde, lactaldehyde, glucose, benzaldehyde). Ke- 
tones are likewise not photo-oxidized as such. 
Thus pyruvic acid is oxidized in the keto form 
in acid solution by H 2 O 2 (19), permanganate, 
etc., to CO 2 and acetic acid : 

CHj-CO-COOH + V 2 O 2 
CHa-COOH + COa. 

The keto form is not catalytically oxidized by 
heavy metals (iron) or Fe-complexes (hemin). 
In alkaline solution, however, pyruvic acid is cata- 
lytically oxidized in absence of light and is like- 
wise photo-oxidized by eosin according to the 
equation 

CH 2 = COH-COOH + 2 O 2 
(C00H)2 + CO 2 + H 2 O. 

We have been able to isolate oxalic acid equiva- 
lent to 65-75% of the obseiwed oxygen uptake in 
autoxidation experiments, on oxidation with py- 
ridine-heniin, and with eosin. The speed of the 
reaction with eosin is about 80 times greater than 
with hemin. 

Henri and Fromageot furnished evidence of 
the enolization of pyruvic acid in alkaline solu- 
tions (20). The isolation of oxalic acid as the 
oxidation product in our experiments proves that 
it is the enol form which is oxidized. The recent 
discovery of the phosphorylated derivative of 
pyruvic acid enol (21) places this compound and 
Its reactions in a dominant role in intermedi- 
ary sugar metabolism. It will be interesting to 
study its oxidation in vitro. 

Among the exceptions to the rule that photo- 
oxidizablc substances are autoxidizable are de- 
cenic and undecenic acids, which possess a termi- 
nal double bond. An explanation of their lack of 
autoxidation is difficult, but the fact is in accord 
with the observation of Boseken (22) that unde- 
cenic acid is oxidized by peracetic acid at ^/u the 
rate of oleic acid. This author states that all ter- 
minal double bonds are very stable toward such 
oxidation. In this connection it might be men- 
tioned that cinnamic ester, which was found to be 
completdy resistant to hmin oxidation (8) and 


ev^ acted as an inhibitor, was also found by 
Boseken to be completely resistant to per-acid 
oxidation. 

The amines studied by Gaffron (15) are not 
unsaturated in the ordinary sense, hnt neverthe- 
less undergo autoxidation, at least in acetone, and 
photo-oxidation. However, they may become un- 
saturated by the formation of imines. The fol- 
lowing formulae illustrate a possible mechanism ; 


Primary amines : 
H 


H 



R_NsC 

Secondary amines; 

H H 

R-C-H + Oa R-i 


+ H,Oa 


+ Oa 


H 


R-C-O 

u 

(No H here) -> i 


50% HaOa 
50% organic 
peroxide 


Tertiary amines : 

H 

R— C— H Not oxidized 

i-R (No H here) 
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TABLE 


AUTHOR 

SUBSTANCE 

STRUCTURE 

Harris (.13) 

Gaffron (14) 

Tyrosine 

HO<^CHa-CH-NH2 

COOH 

Gaffron (14) 

Uric Acid 

HN-C:0 

1 1 

0:C C-NH 

1 11 >C:0 

hn-c-nh 

Gaffron (15) 

Diisobutylamine 

Isoamylamine 

Ethylamine 

|^^gj>CH*CHa]aNH 

>CH ■ CHa • CHa- NHa 

CHg-CHa-NHa 

Gaffron (16) 

Allylthiourea 

Nfia • C ■ NH • CHa • CH : CHa 

i 

Windaus and 
Bruncken (12) 

Meyer (11) 

Ergosterol 

CHa CHa 

CH. 1 / 

CH • CH=CH • CH • CH • CHg 

j# 

Noack (17) 

Benzidine 

HaN-CIXI>NH, 

Moureu, Dufraisse, 
etal. (18) 

Rubrene 

C»H» e*M» 

Gaffron (3) 

Meyer (7) 

j 

Pyruvic Acid 

CHa=C(OH)-COOH 

Sorbic Acid 

CHa • CH=CH • CH=CH • COOH 

Meyer (9) 

Oleic Acid 

CHa- (CH 2 ) 7 -CH=CH- (CHa)T-COOH 

Undecenic Acid 

CH2=CH- (CH2)8-C00H 

Citronellal 

Linalool 

Terpineol 

Pulegone 

CH2=C(CH8) • (CH2)8-C(CH8)H-CH2-CH : O 
HrfC 

>C=CH-CH2-CH2-C(CH8) (OH) -CHrrCHa 
HtfC 

Mixture of four isomers with one double , 
bond in ring or in side chain. 

CHa-C=0 CHa 

CH«-HC< >C=C< 

CHa-CHa CHa 

Meyer (11) 

Ergosterol 

Sec above 
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SSKSm^R 

OXIDATION PRODUCT 

REMARKS 

Hematoporphyrin 

+ 4 y 2 mol O2 ^/s mol CO2 

Autoxidizes 

Rose Bengal 

+ 1 mol O2 

Autoxidizes ( 32 ) 

Ethyl Chlorophylhde 

ff f> 

ff ff 

Peroxide 

Peroxide + Isonitrile 

Peroxide 

Autoxidizes in acetone 

ft 99 99 

ft ft ft 

Ethyl Chlorophylhde 
or Hematoporphyrin 

— 

4 “ mol O2 V2 SO2 

(complex reaction) 

Autoxidizes 

Eosin 

4 - 1 mol O2 Ergosterol Peroxide 

Autoxidizes 

Eosin or Chlorophyll 

Benzidine blue — > 
Diphenolqumonediimine 

Autoxidizes 

Rubrene 

Rubrene Peroxide 


Ethyl Chloroph>llide 



Eosin or IsocUoro- 
phylline 

4 - 2 mol O2 — > Oxalic Acid 

Autoxidizes. Only 
enol form is oxidized 

Eosin 


Autoxidizes slowly 

Chlorophyll 

4 - V2 mol O2 Hydroxyoleic Acid ( ^) 

Autoxidizes 

Eosin or Chlorophyll 


Does not autoxidize 

Chlorophyll 

99 

99 

4 - more than 1 mol O2 

I 9f 99 ff 99 ff 

1 9t ft ft ft 99 

I 99 ft 99 99 99 

Autoxidizes slowly 

ft ft 

ft ft 

ft ft 

Chlorophyll 

4 * V2 “ol 02 -*• No Peroxide 

Autoxidizes 
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A similar reaction mechanism has been demon- 
strated by Goldschmidt and Beuschel (23) for 
the oxidation of aliphatic amines by permanga- 
nate. The foregoing scheme explains the forma- 
tion of isonitrile from primary amines as found 
by Gaffron (15). It also shows why tertiary 
amines cannot react (15, 23). With the primary 
amines the peroxide should all H 2 O 2 , and with 
the secondary amines half should be H 2 O 2 and 
half organic peroxide. In both cases Gaffron 
found 90% of the total O 2 uptake as peroxide by 
the liberation of the O 2 with Mn02. Naturally 
this method will not distinguish between H 2 O 2 
and organic peroxides. 

The yield of peroxide in Gaffron’s experiments 
depended upon the solvent used. Thus with ace- 
tone he found 90% peroxide, while with water or 
alcohol only 40-50% was found. Acetone seems 
to have a stabilizing influence on peroxides. Thus 
Jorissen and van der Beek (24) were able to 
isolate from autoxidizing benzaldehyde, dissolved 
in acetone, perbenzoic acid equivalent to about 
60% of the O 2 uptake. 

The part of peroxides in autoxidation has 
been very frequently discussed. In Bayer and 
Villigeris formulation of benzaldehyde autoxida- 
tion (25), perbenzoic acid appears as the inter- 
mediary product : 

CeHcCOOOH + CoHoCHO 2 CoH^COOIL 

Subsequent investigators (26) found a number 
of oxidations induced by autoxidizing benzalde- 
hyde which could not be effected by perbenzoic 
acid. In a previous paper (27) we have shown 
that perbenzoic acid immediately decomposed into 
O 2 and benzoic acid under our experimental con- 
ditions, whether benzaldehyde was present or 
absent. 

As many investigators have postulated (26) an 
unstable moloxide of a higher energy content, to 
which a definite formula cannot be assigned, 
should be considered as an intermediary in many 
catalytic oxidations; the moloxide may, under 
certain conditions, be stabilized to a peroxide, 
which has been isolated in many instances, in 
autoxidation as well as in photosensitized oxida- 
tion. 

It can be seen from Table II that H 2 O 2 or an 
organic peroxide was actually isolated or other- 
wise demonstrated only with eosin, ethyl chloro- 
phyllide, etc., but not with natural chlorophyll. 
However in recent experiments on the photo- 
ojddation of diethlamine in nonaqueous solution 
with natural chlorophyll peroxide was formed in 
a concentration of about 50% of the O 2 uptake, 
using Gaffron’s method of decomposing the per- 
oxide with Mn O 2 . Differences in reaction pro- 
ducts with different catalysts are numerous and 
widely utilized in thermal reactions industrially. 


With eosin, ergosterol takes up one mol of 
oxygen; with chlorophyll, only 0.5 mol. Oleic 
acid with chlorophyll also takes up 0.5 mol of 
oxygen, forming a hydroxyoleic acid. The hy- 
droxyl group does not seem to be at the douUe 
bond, since the compound fonned then would be 
an enol and would very likely be oxidized fur^ 
ther, or isomerize to the ketone. No evidence of 
a ketone group was found. The product is pro- 
bably formed according to Schmidt's rule (28) 
that the third carbon atom from the double bond 
on the opposite side from the carboxyl group will 
be activated. It seems interesting to point out 
here that ricinoleic acid, a common constituent of 
plant oils, has this structure. 

The difference in reaction products with eosin 
and chlorophyll points to a different reaction 
mechanism. Eosin apparently will act easily 
under irradiation as a hydrogen acceptor. Thus 
Windaus and Borgeaud (28) obtained dehydroer- 
goslerol from ergosterol and eosin in nitrogen. 
In our own experience eosin can also dehydro- 
genate diethylamine and oleic acid. Thus the pho- 
to-oxidation with eosin in some instances may be 
explained as a dehydrogenation, with subsequent 
O 2 addition on the dehydro- substrate and reoxi- 
dation of the reduced eosin. That a reduced dye 
is photo-oxidized has been shown by Kautsky in 
the case of leuco-malachite green (30). However, 
substances which under the influence of other ca- 
talysts are easily dehydrogenated (as succinic acid 
and hexose-diphosphate) were found to be com- 
pletely resistant toward both eosin and chlo- 
rophyll. 

In contrast to eosin, chlorophyll does not seem 
to react as a hydrogen acceptor with a substrate 
(oleic acid or diethylamine) in absence of oxy- 
gen. A solution of chlorophyll in olive oil pro- 
tected from oxygen can be exposed to light for 
weeks without losing its color or fluorescence* 

J. Franck (5) has proposed a reaction mechan- 
ism for the role of chlorophyll and O 2 in the 
assimilation of C() 2 . In this scheme the ordinary 
chlorophyll is represented as HH -chlorophyll, 
which reacts with O 2 and H 2 O to form H-cWo- 
rophyll (mono-dehydrochlorophyll) and HO- 
chlorophyll. If the same primary reactions take 
place in the photo-oxidation with chlorophyll, 
HO-chlorophyll would exchange its hydroxyl for 
one labile hydrogen atom of the substrate. The 
difference between eosin and chlorophyll thus 
seems to he that the former accepts hydrogen in 
a one-step reaction and the latter in a two-step 
reaction (31). The two very similar-appearing 
photosensitized oxidations would represent dif- 
ferent reactions mechanisms. Perhaps a better 
understanding of oxidations in general, thermal 
and photosensitized, could be reached if they 
were not represented as following me scheme. 
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SUMHABY 

In general, substances are oxidized in a photo- 
•ensitized reaction if they undergo autoxidation 
under similar conditions. They are either un- 
latttrated or exist partly in an unsaturated form, 
as pyruvic acid in the enol form or primary and 
secondary amines as imines. The aldehyde and 
ketone groups as such are stable in this reaction. 

Certain investigators have isolated, or other- 
wise demonstrated, peroxides as oxidation pro- 
ducts, often in nearly quantitative yield. In other 
cases peroxides may be formed in decreased 
yields, or even not at all. In some instances the 
solvent influences the yield of peroxide (amines). 
Pyruvic acid in alkaline solution yields oxalic 
acid as a photo-oxidation product, while H 2 O 2 
and other per- acids in acid solution oxidize it to 
acetic acid. In the oxidation of oleic acid, some 
terpenes, and ergosterol in the presence of chlo- 
rophyll, which is here a much more active catalv st 
titan eosin, no peroxide could he demonstiated 
With chlorojihyll, only 0.5 mol of oxygen is 
taken up by ergostenil and oleic acid, the latter 
fonning a livdroxyoleic acid 
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Abranison, 296, 326 

Absoltite reaction rates, 10-18 , 12 

Absorption 

coefficients of biological material, 64 
of a photon, S 

of radiation by cytoplasm, 224 
of radiation by leaves and algae, 191-209 
“detour'* factor, 193 

effect of pigment on distribution of flux, 
193 

green pigments, 203 
incident flux, 192, 194 
distribution of, 191 

physiological and pathological factors, 196, 
208 

reflected flux, 192-1% 
determination, 197-200 
role of leaf surface. 195 
scattering in leaf, 194, 204 
total absorption factor, 191 
determination, 196-200 
of plasted pigments, 200, 201 
transmitted flux, 193-196 
determination, 197-200 
probability, 10 
selcctivitv, 3, 10, 266 
spectra, 1-9 
aldehydes, 37 

antimony tiichloride, 251, 252 
Imcteria, 7 
calciferol, 340 
carotim»icl pigment, 225 
chloroph\ll a, 75, 76, 110, 111 
chlorophvH b, 75, 110, 111 
chlorophyll red, 75 
cholesterol, purified, 330 
continuum, 27, 44 
diffuse, 26, 44 
discrete. 44, 50 
ergosterol, 328 
etiohn, 71 
ketones, 27 
liquid systems, 23 
mercury, 3 

molecules of vapois and gases, 44 
protochloroph>ll, 72, 75 
reoxidized chlorophyll, 76 
retinene, 254 

sensitive to chemical change, 114 
vitamin A, 251 

Acetaldehyde, 6, also see Decomposition 
Activated molecule, 19-27, also see Molecule 
Activated state, 13 

in chemical kinetics. 28-31 
Activation 
energy, 1 

quantum theory, 10-18 


Albers, 74, 76, 78, 87-107 
Albinos, 81, 194 
cause, 83 
Alpha rays 

chemical effects on gases, 56, 57 
chemical properties of activated molecules, 58 
decomposition of water, 58 
Antirachitic effects, 269, 328-340, 343 
Appleman, 188, 189 

Arnold, 115, 121, 124-127, 129, 130, 135, 136, 
166, 172, 175, 178, 179, 181, 189, 242 
Atomic collisions proportional to pressure, 11 
Atoms 

energy contour, 15 
excited, 10 
mercury, 45 
free 

in solution, 8 
production, 44 
proof of existence, 33 
propagate chains, 34 
reactions, 44-54 
steady state, 35 

resulting from action of light, 21, 32 
Auxine, 229, 338 
Bacteria 

luminous, 184 

photosynthesis, 138-150, also see Photosynthe- 
sis 

phototactic behavior, 138 
iiaeckstrom, 47, 48, 50 
Bates, 9, 16, 17, 41, 43, 48, 49, 50 
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Bimolecular reactions, 29 
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decay, 264 
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luci (erase, 261-265 

specific for different animals, 261 
hicifenn, 261-265 
oxidation-reduction system, 262 
oxyluciferin, 261 
process, 262 

Blackman reaction, see Photosynthesis 
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Blum, 25. 64, 65, 149. 210-223. 260, 274, 275, 
289, 294, 295, 312, 318-327 
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Burk, 28, 79, 105, 106, 121, 122, 123, 127, 149, 
150, 165-183 
Carbon dioxide 

in photosynthesis, see Photosynthesis 
reduction, see Photosynthesis 
unity in nature, 177, 178 
Carotinoid pigments, 251 
absorption, 1 12, 225 
action in chlorophyll formation, 73 
content in plants, 114, 176 
heredity, 85 
photosensitizers, 160 
Castle, 209, 224-229, 250 
Catalase, 68, 187, 189, 321, 325 
Catalysis, theory in photochemistry, 66-70 
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continuing, 36 
definition, 32, 41 
methods of propagating, 33, 34 
methods of stopping, 34, 39 
reaction, 8, 17, 23, 32-43, 162 
liquid system, 42 

rate variation with temperature, 40 
surface catal>*tic effects. 68 
test of existence, 33 
Chase, 254 

Chemiluminescence, 262 
Chlorella, 124-137, also see Photosynthesis 
Chlorophyll 
a 

absorption spectrum. 75. 76, 110, 111 
densitometer curves, 92, 99 
derivatives, 88, 91, 93, 94, 99, 100, 101, 
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fluorescence spectrum, 77, 87, 90, 91, 104, 
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spectral analysis, 113 
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strong light, 128, 230 
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under O 2 , CO 2 and N 2 , 98-107, 185 
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solarization, 128, 135, 136, 137 
Chlorophyllogen, 72, 73 
Chlorophylloid pigments, absorption, 203 
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COa concentration, 121, 190 
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Demerec, 80-86, 120 
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temperature, 31 
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potential, see Potential energy 
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Enzymic action of catalase, 68, 187, 1^, 321, 325 
Eosin sensitization, 24, also see Sensitization 
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criUque, 95, 96, 106, ICff 
densitometer corves, 92, 99-103 
derivatives, 91, 93, 94, 99-104 
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Gtese. 137, 259, 264, 265 
Goiter, see Medicine 
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Haematoporphyrin, 67, see Sensitization 



354 

Harris. XV, 85, 86, 136, 179, 181, 190, 229, 259, 
265, 276, 298, 311, 339 
Harvey, 208, 209, 261-265 
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Intensity i'scrimination, see Vision 
Ionization, 43 

James, 129, 130, 166, 167, 175, 179, 181 
Kassel, 9, 16, 26, 28-31, 41. 42, 43, 48, 49, 63 
Kautsky, 67, 69, 207 
Kettering, 71 

Kinetics of photosynthesis, 165-183, also see Pho- 
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Measurements, see Radiation measurements 
Medicine, photochemistry in, 277-327 
activation, 287 
at^na pectoris, 316 
blood and circulation, 286, 299-306 
anemia, 313 

by saponin, 306 
hemol 3 dic, 305, 314 
hemorrhagic, 303, 306, 314 
nutritional, 305 
pernicious, 305, 312 

blood pressure and pulse rate, 299, 300, 
301 

cardiac output, 301 
erythrocyte count, 302, 304, 305 
hen<^lobin, 302, 304, 305, 313 
hypertension, 299, 300 

carbon arc radiation, 300, 303 


irradiated directly, 306 
leucocyte, 302, 304, 311, 312 
lymphocytosis, 302 
pallor, 301 

platelet count, 302, 304 
erythema, 266, 269-273, 279, 316 
and wavelength, 280 
as a measure, 280 

seasonal variation, 281, 282, 283, 296, 297 
thyroid activity, 296, 297 
sensitivity 

action of H-substances, 282 
blonds, 283 

open skin capillaries, 283, 297, 302, 313, 
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sex difference, 283 
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vegetative stigmatics, 281, 283 
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extrapulmonary tuberculosis, 277 
fractures, 287 

gastric ulcers, 281, 298, 312, 316 
goiter, 308, 311, 317 

histamine, 281, 282, 296, 298, 300, 301, 312, 
313, 316 

infantile tetany, 287 
“light-sickness”, 281 
mdanin function, 283-285 
metabolism, 306-317 
basal, 308, 313 
goiter, 308, 317 
growth, 30^308, 317 

vitamin A deficiency, 307 
mineral, 286 
thyroid, 308, 317 
milk, irradiated, 287 
parathyroid, 288, 314, 315 
photosensitization, see Sensitization 
pigmentation, 279 

therapeutic value, 285, 295 
rickets, 277, 286, 314 

sensitization, photodynamic, see Sensitization 
skin, 270 

absorption and transmission, 278 
blond, negro, 284 
diseases, 286 
heating, 279 
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teeth, 287 
thyroid, 308, 314 

toxicity of irradiated products, 288 
tuberculosis, 290, 291 
vegetative stigmatics, 281 
vitamin A, deficienqr, 307, also see Vitamin A 
vitamin D, 277, 287, also see Vitamin D 
chemistry, 288 
hypervitaminosis, 268 
sclerosis, 288 
wounds, 286 
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Michaelis, 349 

Milk, irradiated, 287, 288, 305, 312, 335 
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Molecular collisions, proportional to pressure, 11 

Molecular transformations, 1 
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activated, 2, 3, 19-27, 28, 55-65, 318 
ability to withstand collisions, 20 
alpha rays, 58 
concentration, 5, 6 
in solution, 25, 45 
life period, 24, 44, 343 
nitrogen, 55, 56, 57 
production, 32 

propagate reaction cliains, 33 
water, 55-65 

degrees of freedom, 29, 31 
energy contour map, 14 
excited, 2, 8, 10, 22 
high energy, 29 
large organic, 4 
quinine, 4 
X-ray activated 

chemical properties, 55-65 
water, 55-65 
Moyer, 86, 254, 340 
Multiplicity, change, 12 
Narcotics 

effect on photodynamic action, 321 
effect on photosynthesis, see Photosynthesis 
Nerve impulses, 233, Limuius, 245-250, 256 
action potentials, 245 
retinal, 248, 249, 250 
single ommatidium, 249 
critical duration, 247 
effect of intensity, 245 
effect of wavelen^h, 246 
latent period, 245 

dependence upon intensity, 248 
single, frog's retina, 249 
Night blindness, 251, 253, 254 
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Noyes, 8, 9, 16, 17, 27, 31, 32-43, 49, 63, 65, 69, 
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Ommatidium, 214, 215 

Oriented movements in lightfields, see Phototaxis 
O^des of nitrogen 

decomposition of dioxide, 2 

of nitrous oxide, 12> 28 


quantum yield, 1, 2, 3 
tetroxide, 6 

Ozonizatiott of oxygen, 68 
Pettit, 7 
Pheophytin, 75 
Photoactivation, theory, 19-27 
Photochemistry 
gases, 3 

liquid systems, 3, 23 
primary act, 3 

Photochemical formation, 44-54 
Photochemical processes 
bromine, 22 

primary process, 10, 19, 44 ^ 
secondary process, 44 
Photochemical reaction 
chains, 32-43 

chlorine and chlorobenzene, 39 
hydrogen and bromine, 28 
formaldehyde, 52 
induction periods, 35 
inhibiting influence of oxygen, 103 
oxidation, 50, 52 

rate variation with temperature, 40 
Photochemistry in medicine, see Medicine 
Photoclecomposition, see Decomposition 
Photodynamic sensitization, see Sensitization 
Photolysis, 5, also see Decomposition 
aldehyde, 25, 49 
chain, 25 
oxalate, 3 

oxides of nitrogen, 1-3 
quinine. 4 

Plioton, absorption of, 5 
Photo-oxidation, organic compounds, 27, also see 
Decomposition 
Photoreceptor, 210-260 
dark reaction, 242 
secondary, 243 
eye 

geometry of 

Annadillidium vidgare, 218 
Diabrotica soror, 214 
response of various areas, 214, 221 
head angle, 221 
process, 233 

initial step, 242 

sensitive material, maintenance of supply of, 
233, 247 

Photosensitization, see Sensitization 
Photosensitized oxidation, see Sensitization 
ethylenic double bonds, 341-349 
Photosynthesis 
bacteria, 138-150 

Athiorhodaceae, 138, 141, 142 
COa absorption, 145 
CO 2 assimilation with fatty acids, 141, 
142 

H-donor, 141 
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green and purple sulfur, 138-140, 184, 2S1 
equation, 139 
H-acceptor, 144 
kinetic studies, 144 
role of hydrogen sulfide, 138-140 
Thiorhodaceae, 138-140, 143 
H-donor, 141 

role of hydrogen sulfide, 138-140 
Blackman reaction, 124, 136, 143, 1S6, 165, 
168, 172, 173 
first order, 126 
temperature, 172 
blue-green algae, 189 
carbon dioxide 

absence, 132, 133 
absorption by triturate, 188 
assimilation 

as function of COa concentration, 121 
Franck’s hypothesis, 348 
theory, 160 

concentration, 117-123, 128-137, 180, 183 
temperature coefficient, 171 
varying for different chloroplasts, 121 
diffusion, 131, 181 
dissociation constants, 175 
reduction. 142-146, 177, 178 
Kautsky’s mechanism, 207 
cessation in strong’light, 128 
chemistry, 151-lM 

Chlorella. 124-137, 154, 157, 163, 164, 172, 
174, 175, 183, 190, 202 
comparative biochemistry, 142-149 
different H-donors, 146 
function of pigments, 146, 147 
mechanism of COa reduction, 142-146 
compensation point, 158, 162 
dark respiration, 118 
dependence on oxygen, 208 
equation, 139, 148 
flashing light, 124-126, 172 

relative photosynthesis per flash, 126 
formaldehyde, 144, 159 

formation in rain, 152, 153 
formation in vitro, 151-153 
formic acid, an intermediate product, 143, 144 
from evolutionary standpoint, 149 
HCN, 127, 172, 177 
heavy water, 183 
hydrogen chloride, 27, 39 
heat of activation, 41 
in biological systems, 66, 69 
intermittent light. 124 
kinetics, 114, 165-183 

agreement of data with mechanism, 166, 
171-174 

evaluation of constants, 170 
in ChloreUa, 124-127 
induction, 176 

nomenclature and conventions, 167 


proposed mechanism, 168 
light intensity, 117-123, 128-137, 157 
curves, 1^ ' 

varied. 117, 122, 123, 181 
light reaction, first order, 125 
model, 124 

applied to Chlorella, 125 
narcotics, effect of, 126, 127, 172, 177 
nitrogenous compounds, 155 
optimum temperature, 152 
oxidation-reduction process, 138, 143 
oxygen, evolution of, 184-190 

effect of concentration of cell contents, 
185, 186 

effect of enzymes, 187-189 
effect of pH, 186 
effect of temperature, 185 
in absence of living cell, 184, 185 
in vitro, 184 
phosgene, 39 

quantitative photochemical study, 108-116 
spectro-photodectrometric method, 108- 
110 

quantum efficiency, 147 

rate, 126, 127, 129-131, 135, 174, 179, 180 

solarization, see Solarization 

steady state, 124 

stomatal aperture, 129, 135 

sugars from formaldehyde, 153 

influence of temperature, 155, 162 
temperature 

coefficient, 154, 156, 157 
influence, 156, 174, 176 
two-step cycle, 124 
ultraviolet light, 207 
wheat, 117-123 

Photosynthetic mechanism, injury, 128, 133 

Photosynthetic rate, 174 
diffusion, 119, 123 
effect of light intensity, 118, 129 
respiration term, 119 

Photosynthetic unit, 2000 chlorophyll molecules, 
127 

Phototaxis, 210-223 

“avoiding reaction” of Paramecium, 218 
in man, 223 
light intensity, 219 
negatively orienting, 217 
orientation-progression ratio, 211 
positively orienting, 213, 214, 215, 256, 257 
progression and angular velocities, 210 
“resultant effect”, 221 
rotation-progression ratio, 216 
sign, 

orientation, 212 
progression, 212 
spiral paths, 215, 216. 217 
spontaneous movement, with drift, 219, 220, 
223 



trW and error, 219 
typts 

critique of, 220 
menotaxis, 212, 215, 216, 219 
mnenotaxis, 213, 219 
phobotaxis, 212, 217, 219 
telotaxis, 212, 213, 214 
topotaxis, 212 

tropotaxis, 212, 213, 216, 217 
and '*strong*' ‘‘tropisms'*, 211 
Phototropism, 66, 212, 219, 224-229 
animals, see Phototaxis 
dark adaptation, Phycomyces, 225 
energy necessary in PItycomyces, 225 
gamma rays, 229 
latent period, 226 
reaction time of Phycomyces, 226 
role of carotinoid pigment, 225 
role of refraction, 228 
single plant cells, 224-229 
spiral growth, 220 
Pigment 

analyses of plant tissues, 108 

spectro-photoelectric method, 108 
effect on light absorption, 112 
function in photosynthesis, 146, 147 
red pigments in bacteria, 147 
melanin, 283-285 
plastids, 200-204 
Pincus, 254 

Plate characteristics, 95, 96, 106 

Polymer, quantized levels, 3 

Pol 3 anerization, rate, 50 

Ponder, 259, 311, 312, 323-324, 325, 326, 339 

Potential 

Cl atom approaching H 2 molecule, 14 
energy curve, 8, 17, 19 
H atom approaching H 2 molecule, 13 
Predissociation, 2, 3, 8, 22, 44, 45 
in iodine vapor, 21 
spectra, 45 

Photochlorophyll, 71-79 
absorption spectra, 75 
absorption spectra of living leaf, 72 
concentration in plant, 79 
extraction and isolation, 74 
fluorescence spectra, 74, 75 
structure, 72 
Protoplasmic streaming 
action of light, 226, 227 
transport of growth hormone, 226 
Quantum theory, of activation, 10-18 
Quantum yield, 5, 9, 23, 37, 38 
acetone, 26 
aldehydes, 49, 52 

decomposition of aldehydes and ketones, 46 
deficiency of, 46, SI 
oxalate, 24 

oxides of nitrogen, 1, 2, 3 


photolysis of solid silver halides, 66 
primary process, 39 
quinine, 4 
variation with 
concentration, 32 
light intensity, 8, 32, 38 
pressure, 32 
temperature, 33, 40 
wavelength, 6, 8, 45 
Quenching 

fluorescence, 20, 66 
ions in aqueous solution, 24 
mercury radiation, 11 
Quinine, 4-6 
Radiation measurements 
absorption selectivity, 266 
antirachitic effects, 269 
basis, 266-276 

erythema, 266, 269, 270, 271, 272, 273, also 
see Medicine 
filters, 270, 271 
flaming carbon arc, 277 
lethal effects, 269 
penetrating radiation, 267 
sensitivity of photocells, 269, 272, 273 
skin, 270, also see Medicine 
thermocouple, 271 
units, 275 

zinc sulfide method, 271, 272 
Rate expressions, 36, 38 
methods of deriving, 35 
Reaction chains, see Chains 
Reaction rates, 10-18, 12, 20, 29 
alkyl groups, 23 
pressure, 29 
Reactions 

change in multiplicity, 12 
heats, 35 

mechanism, method of determining, 39 
Recombination, products of photochemical disso- 
ciation, 8, 10 

Red cell membrane, 323, 324 
structure, 324 
Respiration, 119, 158 
correction, 122 

effect of temperature, 156, 158 
photosensitized, 163 
ratio to photosynthesis, 123, 162 
Retinene, 251-254 
Rickets, 277, 286, 314 

Rollefson, 8, 9, 16, 17, 18, 19-27, 31, 39, 40, 41, 
49, 51, 52, 63, 65, 79, 106, 162, 163, 181, 
182 

Rothemund, 71-79, 89, 96, 98, 105, 106, 127, 137 

Schlaer, 237-244 

Sensitivity 

of Avem, 225 
of Phycomyces, 224 



358 


Sensitization, photodynamic, 288-290, 295, 312, 
318-327, 341-349 
acridine on Paramecium, 288 
activation of sensitizer molecule, 318 
dark reaction, 319, 320, 323 
effect of HCN, 321 

ethylenic double bonds, oxidation, 341-349 
aldehydes and ketones, 345 
amines, 345, 348 

ergosterol and cholesterol in cyclohexanol 
with chlorophyll, 344, 348 
general table, 346-347 
oleic acid and olive oil with chlorophyll, 
342 

effect of hydroquinone, 343 
pyruvic acid 

with eosin, 342, 345 
with eosin and hemin, 325, 341, 345 
factors influencing O 2 consumption, 326, 327 
gelatin-silver halide, 66 
secondary processes, 66 
hemolysis, 320, 321, 323, 324 
H 2 O 2 as intermediate, 320 
mechanism, 318 

morphological changes in cells, 325, 326 
of dyestuffs, 24 

of physiological substances in vitro, 326, 327 
oxidation of pyruvic acid with haemin and 
cosine, 325 

oxidation products, 322 
O 2 necessary, 341 
pathological conditions, 289, 290 
red cell membrane, 323-324 
sensitizers, see Sensitizer 
Sensitized reactions, 32, 45, 64 
mechanism of, 69 
Sensitizer, 318 
activation, 65 
carotinoids, 160 

chlorophyll, 67, 135, 160, 342, 343, 344, 348 
fluorescein dyes, 64, 289, 320 
hematoporphyrin, 312, 319, 320, 326, 347 
in formation of formaldehyde, 151 
light absorption, 66 
peroxide, 64, 65 
porphyrin, 295 
zinc oxide, 67 
Sheard, 308, 310, 313 
Singer, 295, 325 
Skin, see Medicine 
Slit data, 109, 110 
Smell, sense of, in bees, 259 
Smetana, 326 
Smith, E. L., 237-244 
Smith, T. L., 86 

Solarization, 128, 135, 136, 137, 157, 158, 161, 
162 

Spectro-photoelectric method, 108, 109 
Spoehr, 161, 163, 188, 209 


Starkey, 149 

Sterols, see Vitamin D 

Stomatal aperture, see Photosynthesis 

Strain, 339, 340 

Sunlight, composition, 277 

Taylor, 27, 34, 40, 66-70, 207 

Thermal greening of brown algae, 205, 208 

Thyroid, see Medicine 

Timiriazeff^s reaction, 77 

Tuberculosis, see Medicine 

Unimolecular reactions, 28, 29 

Urey, 48 

van der Paauw, 162, 163, 172, 177, 179 
van Niel, 127, 136, 138-150, 162, 182, 189, 190 
Vibrational energy, 9 
Viosterol, see Vitamin D 
Virescent seedlings, 81 
Visibility curves 
human, 246 
Limutus, 246, 250 
Vision 

critical frequency, 237 
and intensity, 238 
area of test, 239 

various parts of spectrum, 240, 241 
duplicity theory, 237-244 
flicker, 241, 255, 256, 258 
intensity discrimination, 219, 230-236 
after pre-adaptation, 234 
bee, 231 
dark reaction 
bimolecular, 234 
monomolecular, 234 
Drosophila, 230, 231 
duplicity theory, 232, 233 
human eye, 230, 231, 232 
colored light, 232 
white light, 233 
light reaction 

bimolecular, 234 
bee, 234 
human, 234 
Mya, 234 

monomolecular, 234 
Drosophila, 234 
Mya, 231, 232 
of insects, 230 
retinal areas, different, 232 
separate functions of rods and cones, see 
duplicity theory 

sensitive material, concentration, 235 
intermittent light stimulation, 237-244 
retinal areas, different, 237 
rod- free, 239, 243 
rods and cones, 237-244 
Visual acuity, 214, 255 
Visual capacitv, 255-260 
bee, 255-260 
dark adaptation, 255 



Drosophila, 255 
llick^tf 255^ 256i 258 

fields of different areas, 256, 257, 260 
frequency, 256, 257 
intensity, 260 
pattern, 257, 258 
human, 255 
Visual mechanism, 42 
Visual purple system, chemistry, 251-254 
antimony trichloride, 251, 252 
bleaching to yellow, 252 
retinene, 251, 253 

absorption spectrum, 254 
bound, 252 

Vitamin A, 251, 252, 253 
Visual sense cell, 245-250 
dark adaptation, 247 
depolorization, 248, 249 
energy to ])roduce constant response, 246 
light adaptation, 248 
nerve impulses, 245-250 
photochemical nature of excitation, 246 
single ommatidium of Ltmulus, 248 
action potentials, 249 
Vitamin A, 251, 252 
abwsorption hand, 251 
deficiency in rats, 307 
formation, 253 
in eyes, 251 
rod function, 253 
Vitamin D 

activation of foods, 334 
activation in liver, 307 
activation in skin, 277, 287, 309 
and thyroid, 309 
bioassays, 339 

chickens, 314, 331, 332, 334, 335 
human infant, 331 
rats, 331, 332, 334, 335 
chemistry, 288 

demethyldihvdroergosterol, 335, 336 
formation, 306 
from ergosterol, 269 
hypervitaminosis D, 288 
milk 

irradiated, 287, 288, 305, 312, 335 
yeast, 334 

multiple nature, 312, 328-340 

calciferol, 332, 334, 335, 336, 339, 340 
formula, 332, 333 

cholesterilene sulfonic acid, 329, 336 
cholesterol, 328, 329, 334, 335 
carbon atoms, 330 
constitution, 333 
fuller's earth, 329 
heated, 330 

with nitrogen, 333, 336 


m 

purified with eharcoal or bromine, 330 
treated with butyl nitrite, 329 
cod liver oil, 329, 331, 336 
ergosterol, 328, 331 

absorption spectrum, 328 
carbon atoms, 330 
constitution, 333 
isomerization, 332 
oxidation, 344 
source, 334 

fish oils, 328, 335, 338 
origin m fish, 339 

relative potency, 331, 332, 334, 335, 336 
sterols, 328, 329, 334, 339, 340 
bile of shark, structure, 339 
constitution, 333 
definition, 339, 340 

22-dihydrocalciferol, 333, 336, 339, 348 
viQSterol, 328, 332 

parathyroid hormone, and Vitamin D, 288, 
314, 315 
sclerosis, 288 
yeast, 334 

Wald, 222, 223, 231, 236, 244, 249, 250, 251-2S4, 
260 

Walzl, 265 

Water, see X-rays, vapor, 63 
Wavelength, specificity or selectivity, 268 
Winsor, 242 
Winter, 264 

Wohlgemuth, 319, 320, 321, 323, 325 
Wolf, 219, 222, 231, 236, 242, 244, 255-260 
Xanthophyll, 81, 112, 176 
X-rays 

biological effects, 59, 60, 63 
chemical effects produced by, 55-65 
activated molecules, 55-65 
water 

different kinds, 58 
length of life, 61 
nature of, 62 

decomposition of H 2 O in KI, 62 
decomposition of H 2 O 2 , 60 

dependence on temperature, 60, 61 
dependence on X-ray intensity, 60 
formic acid, 61 
influence of pH, 59, 60 
ionization, 55-65 

monobasic acids of paraffin series, 61 
oxidation, nitrite ion, 58 
production of H 2 O 2 , 59 
reduction of chromate, 60 
solutions 

aliphatic series, 60 
ferrous sulfate, 59 
Zeta potential, 324 

Zscheile, 90, 91, %, 108-116, 127, 137, 161 
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